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PREFACE. 


The  Sirengih  of  Materials  is  a  subject  of  the  very  first  im« 
portance  to  Engineers  and  others  engaged  in  the  Indostrial 
Arts,  forming  as  it  doos  the  basis  of  all  oonstruotiTe  calculation. 
The  absence  of  reliable  Bules,  or  the  misapplication  of  even 
correct  ones,  imperfectly  understood,  may  lesA  to  serious  con- 
sequences ; — on  the  one  hand  to  a  useless  excess  of  strength 
inYolving  heavy  pecuniary  loss:  or  on  the  other  hand  to 
inadequate  strength,  which  may  issue  in  disastrous  ftdlure^ 

Two  special  objects  have  been  kept  in  view  throughout  this 
work:  1st,  that  the  Bules  and  Data  shall  be  correct,  and 
therefore  trustworthy,  and  2Dd,  that  their  application  to  practice 
shall  be  clearly  understood ;  for  which  purpose,  eyery  Rule  has 
been  illustrated  by  ezaroples  worked  out  in  detail. 

To  effect  the  first  object,  every  Eule  has  been  subjected  to  the 
test  of  experience ;  almost  every  available  experiment  having 
been  examined  and  compared  therewith,  the  error,  or  rather 
the  difference  per  cent,  between  the  Bale  and  Experiment 
being  given  in  each  case.  When  the  theoretical  laws  did  not 
bear  that  test,  they  were  relentlessly  modified,  or  abandoned 
altogether  in  favour  of  Empirical  Kules  whose  accuracy  was 
proved  by  experiment,  although  they  did  not  admit  of  a  theo- 
retical demonstration.  In  that  case  the  great  object  has  been 
so  to  modify  the  Bules  that  the  mean  results-  of  calculation 
should  practically  agree  with  the  mean  results  of  experiment ; 
and  this  is  all  that  can  be  done,  for  the  natural  variableness  in 
Materials,  will  always  preclude  perfect  and  uniform  coincidence. 

The  authorities  for  the  experimental  Data,  &c,,  are  given  as 
they  occur,  but  the  wonderfully  refined  and  exhaustive  labours 
of  Mr.  Hodgkinson  should  be  more  particularly  mentioned.  It 
is  matter  for  regret  that  he  did  not  fully  analyse  his  own 
experiments,  nor  deduce  from  them  all  they  were  capable  of 
teaching,  as  for  example  those  on  the  important  subject  of  the 
Wrinkling  Sti-ain  in  Plate-iron  Beams  and  Pillars.  This 
omssicm  is  supplied  to  some  extent, — ^however  imperfectly,  in 
the  present  work. 

K£i»TO.v- Abbot,  DETONSiiiR% 
March,  18S3. 
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CHAPTEB  L 

ON  THB  TEHSILl  8TBAIH. 


Therb  are  five  principal  stnuDS  to  which  materiala  maj  be 
sabjected,  namely,  the  Tensile,  Shearing,  OriiBhing,  TranaTerse, 
and  Torsional  strains :  essentiallj  all  strains  are  modificationa 
or  combinations  of  the  Tensile  and  Crushing  ones,  but  it  will 
be  coDTenient  in  practice  to  consider  each  of  them  at  distinct 
and  specific 

(1.)  "  CerUral  Strain,** — ^When  the  cross-section  of  a  body  is 
of  a  regular  figure,  and  the  tensile  strain  is  in  the  centre,  it  is 
commonly  admitted  that  the  resistance  is  simply  proportional 
to  the  area,  and  that  every  part  of  the  section  is  equally  strained. 
This  may  be  practically  true  in  many  cases,  but  where  the  body 
is  wide  or  large,  the  central  part  is  more  stretched  than  the 
edges,  and  the  strain  becomes  very  unequaL  For  example, 
Fig.  1  is  a  plate  of  vefy  elastic  material  whose  normal  form 
unloaded  is  a,  5,  «,  d,  and  when  strained  by  the  central  load  W 
it  becomes  e,/,  g.  h*  Obviously  the  central  part  is  more  stretched 
and  therefore  more  strained  than  the  edges,  and  if  the  load  be 
increased  up  to  the  point  of  rupture,  the  plate  will  break  first  at 
the  centre. 

(2.)  **  Strain  out  of  Centre.** — ^When  the  strain  coincides  with 
one  edge  of  a  plate  as  in  Fig.  2,  the  primitive  form  t,  k,  ^  m, 
tends  to  take  the  form  n,  o,  p,  r,  and  we  have  this  remarkable 
result,  that  the  maximum  extension  and  corresponding  strain 
at  «,  0,  is  progressively  reduced  towards  #,  I,  where  it  becomes 
ai7,  and  between  «,  p,  and  t^  r,  the  plate  is  compressed^  not 
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stretched,  and  thus  a  crushing  strain  is  created  by  a  nominally 
tensile  one. 

Say,  that  we  take  a  spiral  spring  whose  normal  length 
unloaded  =  10  inches,  and  its  elasticity  sach  that  it  extends 
1  inch  per  lb. ;  also  let  4  lbs.  be  the  breaking  weight,  the  maxi- 
mum length  being  then  14  inches.  Let  B,  0,  D,  E  in  Fig.  3  be 
four  such  springs  attached  at  equal  distances  to  two  rigid  cross- 
bars F,  G :  if  now  a  tensile  strain  of  16  lbs.  be  applied  at  the 
centre-line  K,  J,  obviously  the  whole  of  the  springs  will  be 
extended  to  14  inches,  each  yielding  the  4  lbs.  due  to  it 

In  Fig.  4,  K,  L,  M,  N,  are  the  centre  lines  of  four  springs 
similar  to  those  in  Fig.  3,  but  here  the  centre  line  of  the  strain 
coincides  with  L,  Q,  or  the  centre  of  the  spring  L.  Now,  it  is 
essential  that  the  forces  on  the  two  sides  of  the  centre  line 
should  balance  one  another :  they  will  arrange  themselves  as  in 
the  figure ;  thus  the  strain  on  E  being  4,  and  its  distance  from 
the  centre  =  I'O,  we  have  4  x  1  =  4,  as  the  effect  of  the 
spring  E.  Then,  on  the  other  side,  M  =  2xl  =  2-0,  and 
N=lx2=2'0  also :  the  sum  of  the  two  being  4,  or  the 
same  as  E.  Then  the  weight  at  W,  with  which  the  spring  E 
will  break,  becomes  as  in  the  figure,  4  +  3  +  2  +  1  =  10  lbs., 
whereas  with  a  central  strain  as  in  Fig.  3  we  obtained  16  lbs., 
or  60  per  cent,  more  than  in  Fig.  4. 

(3.)  To  show  how  a  compressive  strain  may  be  generated  by 
a  n<  minally  tensile  load,  let  Fig.  5  be  an  arrangement  similar 
to  the  preceding,  but  one  where  the  tensile  strain  coincides 
with  the  centre  line  of  the  spring  R,  or  the  extreme  edge  of 
the  combination.  In  this  case  the  spring  B  bears  the  maximum 
load  of  4  lbs.,  but  S  =  2  lbs.  only :  the  spring  T  is  neither 
extended  nor  compi-essed,  but  retains  its  normal  length  of 
10  inches ;  it  is  therefore  useless.  The  spring  U  is  compressed 
to  the  length  of  8  inches,  and  bears  a  crushing  strain  of  2  lbs. 

The  tensile  load  at  X  from  R  =  4  lbs.,  from  S  =  2  X  1  +  2 
«=  1-0;  from  T  =  0,  and  from  U  =  2  x  1  4-2  =  1-0;  the 
total  being  4  +  1  +  0  +  1  =  6  lbs.,  whereas  with  a  central  load 
as  in  Fig.  8  we  had  16  lbs. ;  hence  the  ratio  =  6  -r  16  =  *375 
to  1  *  0.  Mr.  Hodgkinson  found  by  experiment  that  a  cast-iron 
bar  which  broke  with  a  central  load  of  7*65  tons,  failed  with 
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2  *  62  tonB  only  when  the  force  coincided  with  one  8i«le  of  the 
bar,  the  ratio  being  2*62  -7-  7*65  =  *342  to  1*0,  or  nearly  as 
we  found  it  by  calculation. 

These  illustrations  will  seire  to  show  the  importance  of 
arranging  for  the  tensile  strain  to  coincide  with  the  axis  of  tie 
body,  or  the  centre  line  of  the  section,  and  that  where  this  n 
impracticable,  dne  allowance  should  be  made  for  the  fact. 

(4.)  "  Experimental  BesuUt" — ^Table  1  gives  a  general  sum- 
mary of  the  most  important  experiments  on  the  tensile  strength 
of  materials,  from  which  it  appears  than  the  mean  breaking 
weight  of: — 

Cast  Iron  Wrought  Iron  Steel  Bar  Copper  Bolta 

may  be  taken  at : — 

7-142  25-7  47-W  lC-0 

tons  per  square  inch,  which  is  equivalent  to  :-*— 

16,000  57,500  107,160  85,840  lb*. 

Table  2  gives  the  breaking  weight  of  round  bars  from  j^  inch 
lo  8  inches  diameter,  calculated  from  theee  data. 

(6.)  ^Effect  ofBe-meUing  Cad  Iron.'* — Ordinary  cast  iron  is 
usually  from  fhe  2nd  fusion,  pig  iron  being  the  1st:  it  has 
been  found  that  with  some  kinds  of  iron  at  least,  the  tensile 
strength  is  very  much  increased  by  repeated  re-melting ;  thus 
one  set  of  experiments  gave  for  iron  of  the 

1  2  8  4th 

melting,  the  tensile  strength  per  square  inch  = 

14,000  20,900  80,300  85,785 

lbs.     Another  series  gave 

11,020  15,942  85,846  45,970     . 

lbs.    The  mean  of  the  two  series  in  tons  per  square  inch  s 

5*6  8-a  14-65  18-26 

(6.)  But  Mr.  Fairbaim  obtained  very  different  results,  as 
given  by  Table  8,  which  shows  that  the  transverse  and  tensile 
•fcrengths  were  reduced  by  re-melting  so  fiu  as  the  8rd,  then 
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Table  2. — Of  the  Ultimate  Tensili  Stbenoth 


IMa- 

Wronght-iioii  Rolled  Bar. 

meter. 

PUin  Bar. 

Welded  Bar. 

Screwed  Bar. 

Inches. 

Lbs. 

Tooi. 

Lbs. 

ToDi. 

Lbs. 

Tons. 

i 

2,825 

1-26 

2,320 

1-03 

2.049 

0-91 

f 

6,357 

2*84 

5,220 

2-83 

4.610 

2-15 

i 

11,300 

504 

9,280 

4-14 

8,195 

3*66 

f 

17,660 

7-88 

14.500 

6-47 

12,800 

5-71 

i 

25,430 

11-85 

20,880 

9-32 

18,440 

8-28 

i 

84,810 

15-45 

28,420 

12-68 

25,000 

11-20 

1 

45.200 

20-18 

87,120 

16-57 

82,780 

14-63 

1* 

57,210 

25-54 

46.980 

20-97 

41.490 

18-52 

n 

70,630 

31-53 

58.000 

25-89 

51,220 

22-86 

H 

85,460 

38  15 

70,180 

31-33 

61.970 

27-66 

1} 

101,710 

45-40 

83.520 

37-28 

78,760 

82-93 

n 

119.860 

53-28 

98,020 

43-76 

86,560 

88  64 

11 

138,440 

61-80 

113,680 

50-75 

100,390 

44-82 

H 

158,920 

70-94 

130,500 

58-26 

115,240 

51-54 

2 

180,820 

80-72 

148,480 

66-28 

131.120 

58-58 

H 

204,120 

91  12 

167,620 

74-83 

148,030 

66-08 

2J 

228.840 

102-1 

187,920 

83-89 

165,950 

74*08 

2| 

254,980 

113-8 

209.380 

93-47 

184,900 

82-54 

2i 

282,530 

126  1 

232,000 

103-5 

204,880 

91-46 

2J 

811,480 

1390 

255,780 

114-2 

225,880 

100*8 

2J 

841,850 

152-6 

280,720 

125-3 

247,900 

110-7 

21 

373.630 

166*8 

806.820 

136*9 

270,950 

120-9 

8 

406,830 

181*6 

834,080 

149-6 

295,040 

131-7 

(1) 

(2) 

(8) 

(4) 

(5) 

(6) 

Mots.— The  diameten  of  the  screwed  ban 
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of  Bound  Babs  of  Ibon,  Steel,  and  Coppeb. 


TQtcd  Steel  B«r. 

CMtlno. 

Wfowbl  Gopper 
BoUfc 

nus 

PUinBor. 

Welded  Ber. 

meter. 

Urn, 

Tone. 

Lbe. 

Tons. 

Lbe. 

Tone. 

Lbe. 

Tods. 

Imbre. 

5,246 

284 

2,250 

1-00 

785 

0-35 

1,756 

0-78 

11,820 

5-28 

5,060 

2-25 

1,766 

0-79 

8,952 

1-76 

21,020 

9*88 

8,990 

4-01 

8,140 

1-40 

7,024 

8-14 

82,840 

14-66 

14,050 

6-27 

4,906 

2- 19 

11,000 

4-91 

47,290 

21  11 

20,220 

* 

9-00 

7,065 

8- 16 

15,810 

7-OC 

64.880 

28-74 

27,530 

12-28 

9,616 

4-30 

21,550 

9-62 

84.090 

87-54 

85,950 

16-05 

12,560 

5-61 

28,100 

12-55 

106,440 

47-51 

45,500 

20-81 

15,900 

7-11 

85,630 

15-91 

131.380 

58-65 

56,200 

2508 

19.620 

8-77 

44,000 

19-64 

158,970 

70-97 

68,000 

80-35 

23,750 

10-62 

53,220 

23-76 

189,190 

84-46 

80,900 

36-10 

28,260 

12-64 

63,230 

28-23 

222,050 

99-13 

94,970 

42-89 

83,180 

14-81 

74.350 

83-19 

257,600 

115-0 

110,100 

49-12 

38,460 

17-24 

86,180 

88-47 

295,680 

1320 

126,450 

56-55 

44,170 

19-72 

98,980 

44-19 

886,450 

150-2 

143,810 

64-20 

50,240 

22-46 

112,380 

50-17 

2 

379,680 

169-5 

163,000 

72-76 

56,740 

25-33127,090 

56-74 

2i 

425.600 

190-0 

182,010 

81-24 

63,580 

28-43142.520 

63-63 

2J 

474,430 

211-8 

202,770 

90-52 

70,880 

81-64 

158.820 

70-90    2| 

525,500 

234-6 

224.780 

100-8 

78,540 

85-10 

176,000 

78-57,    2 J 

579,490 

258-7 

247,730 

110-6 

86,590 

88-66193,970 

86-60    2f 

635,910 

288-9 

272,010 

121-4 

94.980 

42-47  212,880 

95-Ot    2f 

695,070 

310*8 

297,200 

132-6 

103.870 

46-33232,160 

103-6 

21 

757,120 

338  0 

823.580 

144-4 

113,010 

50-54  252,921 

112-9 

3 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

ere  oureMired  at  Um  top  of  the  tbreud* 
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gradually  rose  to  a  maximum  with  tbe  12th,  beyond  which  to 
the  18th  they  were  progressively  reduced.  The  crushing 
sti-ain  was  reduced  to  its  first  minimum  with  the  4th  melting, 
and  attained  its  maximum  with  the  14th.  Taking  the  iron  of 
the  1st  melting  as  a  standard,  the  maximum  increase  in  strength 
due  to  re-melting  was  32  per  cent,  with  the  tensile  ;  41  per  cent, 
with  the  transverse,  and  135  per  cent,  with  the  crushing  strain. 
It  should  be  observed  that  Mr.  Fairbairn's  experiments  did 
not  include  the  tensile  strain :  coL  4  in  Table  3  haa  been 
calculated  (499)  from  the  transverse  and  crushing  strains  in 
cols.  2  and  3 ;  the  results  in  col.  4  are  very  regular  among 
themselves,  despite  the  irregularities  in  ooL  3. 

Table  3. — Of  tbe  Effect  of  Re-mblting  on  the  Strength  of 

Cast  Iron, 


No.  of 

Transverse 

Strength 

4i  (-et>t  Bars 

1  inch  Square. 

Crtishinff 

Calculated 

Melting. 

Strength  per 

Teoaile  Stengih 

iSqiure  Inch. 

per  Square  Inch. 

t«>ns. 

ton«. 

tons. 

1 

•2i87 

440 

9-502 

2 

•1973 

43-6 

8-217 

3 

•1793* 

41  1 

7  351* 

4 

•1846 

40- 7* 

7-697 

5 

•1927 

411 

8-151 

6 

•1959 

41  1 

8-349 

7 

•2U05 

40-9 

8'«55 

8 

•2192 

411 

9  847 

9 

•2440 

55-1 

10-07 

10 

•2531 

67-7 

10-40 

11 

•2910 

69-8 

11-71 

12 

•3090» 

73- 1 

12-51* 

13 

•2-34 

6fi'0 

11-54 

14 

•2700 

95  ^^ 

9- 154 

15 

•1657 

76-7 

5-366 

IQ 

•1568 

70-5 

5116 

17 

•  • 

•  • 

•  • 

IS 

•1396 

88-0 

4-196 

(1) 

(2) 

(3) 

(*) 

NoTB. — Maximiun  and  minimum  results  marlced  *. 

(7.)  It   would  appear    from   all    this,   that  the  method   of 
obtaining  increased  strength  by  re-melting  cast  iron  is  very 
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uncertain ;  it  will  also  be  very  expensive  in  facl,  labour,  and 
waste  of  metal.  With  iron  sach  as  that  in  (5),  where  the  mean 
tensile  strength  was  increased  from  1  to  18*26  -r  5*6  =  8*26 
at  the  4th  melting,  it  would  no  doubt  be  commercially  advan- 
tageous :  in  such  a  case  experimoDts  should  be  speciallj  made 
on  the  iron  intended  to  be  used  (87). 

(8.)  By  maintaining  cast  iron  in  a  state  of  fusion  for  length- 
ened periods,  the  tensile  strength  is  greatly  increased :  thus 
with  iron  twice  re-melted  and  kept  in  fusion  for 

0  12  8  hours 

the  tensile  strength  was  = 

15,861  20.420  24,383  25,733  Iba. 

per  square  inch.  In  another  set  of  experiments,  the  time 
being  = 

ill)  2hoara 

the  tensile  strength  = 

17,843  20,127  24.387  84,493  lbs. 

(9.)  Gold-blast  iron  is  considerably  stronger  than  hot-blast 
iron ;  taking  the  former  =1*0,  that  of  the  latter  was  found  at 
Lowmoor  =  *831;  at  Dowlais,  *835:  at  Tstalyfera,  -802. 
The  deterioration  in  strength  appears  by  the  American  experi- 
ments to  bo  proportional  to  the  temperature  of  the  blast ;  thus 
the  strength  of  cold-blast  iron  being  1  ■  0,  it  is  reduced  to  *  865 
with  the  blast  at  150^,  and  to  -807  at  250^  &o. 

WBOUOHT   IBOir   AKD   STEEL. 

(10.)  The  strength  of  wrought  iron  increases,  as  might  be 
expected,  with  repeated  working  in  the  fire  and  under  the 
hammer.  Mr.  Clay  found  that  the  strength  of  a  puddled  bar 
being  1*0,  it  becomes  1*36  when  piled  three  or  four  times,  and 
1*41  when  piled  six  times;  beyond  that  point,  however,  its 
strength  declines,  and  is  reduced  to  that  of  a  puddled  bar  when 
piled  twelYc  times. 

The  same  authority  has  shown  that  with  steel,  the  strength 
of  a  puddled  bar  being  1*0,  it  becomes  1-253  at  the  fourth 
piling,  after  which  it  declines  and  is  reduced  to  0*94  at  the 
serenth  piling. 
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(11.)  ^^ Welded  Joints" — ^The  strength  of  wrought-iron  welded 
joints  appears  by  the  experiments  of  Eirkaldy  to  be  very  vari- 
able, the  moan  from  eighteen  experiments  on  bars  from  1|  to 
f  inch  diameter  =  * 8066,  the  strength  of  a  solid  bar  being  1*0; 
in  extreme  oases  it  is  as  low  as  *562,  or  little  more  than  half,  in 
others  as  high  as  *  974,  the  great  difference  being  doe  no  doubt 
to  imperfect  workmanship. 

With  steel  the  loss  of  strength  by  welding  is  still  more  con- 
S'derable ;  the  same  authority  shows  that  the  strength  of  welded 
steel  joints  varies  from  *  55  to  *  404  of  that  of  a  solid  bar.  The 
strength  of  steel  is  also  affected  considerably  by  hardening, 
tempering,  annealing,  &G.,  as  is  shown  by  Table  1 :  when  heated 
and  quenched  in  oil,  Mr.  Eirkaldy  obtained  the  extraordinary 
strength  of  96  *  1  tons  per  square  inch,  which  is  exceptional  and 
anomalous.  The  same  steel  made  as  hard  as  possible  by  being 
highly  heated  and  quenched  in  water,  gave  40  *  2  tons  only :  the 
mean  for  ordinary  rolled  or  tilted  bars  being  47  *  84  tons  per 
square  inch :  see  cols.  3,  9  of  Table  2. 

(12.)  *^ Screwed  Bolts" — ^There  are  two  ways  of  measuring 
screwed  bars,  namely  by  the  diameter  at  the  top  of  the  thread, 
or  that  of  the  plain  bar  before  screwing,  and  by  the  diameter  at 
the  bottom  of  the  thread :  the  former  is  the  most  convenient,  and 
will  be  followed  here.  Mr.  Eirkaldy  obtained  some  curious 
results ;  he  found  that  when  the  thread  was  chased  in  the  lathe, 
or  cut  by  new  dies,  the  strength  was  nearly  proportional  to  the 
diameter  at  the  bottom  of  the  thread  as  might  be  expected,  and 
varied  with  different  sizes,  between  67  and  82  per  cent  of  that 
of  a  plain  bar,  the  mean  being  72*5  per  cent.  But  when  old 
dies  were  used,  the  metal  seemed  to  be  compressed  rather  than 
cut,  and  the  strength  was  much  greater  than  with  new  dies, 
varying  from  77  to  89  per  cent,  of  that  due  to  a  plain  bar,  the 
mean  being  about  85.  It  will  be  the  safest  course  to  reckon 
the  strength  as  due  to  new  dies,  or  72  *  5  per  cent  of  plain  bar ; 
see  cols.  5,  6  of  Table  2. 

(18.)  <*  Plate-iron  and  Steel"— Rolled  plates  of  iron  and  steel 
are  rather  weaker  than  the  same  materials  in  the  form  of  bars, 
as  shown  by  Table  1 ;  the  ratio  happens  to  be  nearly  the  same 
for  both:  tiius  taking  Eirkaldy's  results,  with  wrought  iron  we 
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htLve  31-6  4-  25*7  =  -84,  or  84  per  cent,  and  with  tieel 
88-4  -T-  47-8  =  -80,  or  80  per  cent 

*^  Effect  of  the  Grain."— ErprnmeatB  haTe  ahown  ttutt  the 
tensile  strength  of  both  wrought  iron  and  steel,  lengthways  of  the 
gndn,  is  greater  than  that  crossways,  as  shown  by  Table  1 :  thoa 
with  wrooght  iron  we  hare  22*6  -r  20*6  =  1-097,  or  9-7  per 
cent.;  and  with  steel  40-1-4-86*6  =  1-096,  or  9-6  per  cent, 
being  practically  the  same  for  both* 

In  arranging  the  plates  for  girders,  ftc^  those  snbjected  to 
tension  should  be  cat  so  that  the  strain  is  in  the  direction  of  the 
grain,  and  in  boilers,  where  the  circomferential  strain  is  doable 
the  longitadinal  (71),  the  direction  of  the  grain  should  be 
arranged  accordingly. 

(14.)  ''  Effect  of  Annealing!* — It  has  been  fonnd  by  experiment 
that  the  effect  of  annealing  wrought  iron  in  the  bar,  plate,  and 
chain  form  is  to  reduce  the  tensile  strength :  this  is  the  more 
remarkable,  being  just  the  reverse  of  the  effiact  on  steel  plate, 
which  is  to  increase  the  strength  as  much  as  55  per  cent  (38). 

By  hammering  cold  the  strength  of  wrought  iron  is  much 
reduced,  but  by  annealing  it  is  partially  restored :  experiments 
at  Woolwich  showtheeffectof  both  processes  on  bars  of  different 
sizes:  thosbars 

2  inobef  1)  ineh  1  hioh 

diameter,  gave  after  being  cold-hammered 

17-5  16-4  22-8  tons 

per  square  inch.  The  mean  tensile  strength  of  ordinary  bar 
iron  is  25' 7  tons  per  square  inch  by  Table  1,  hence  the  losd  by 
oold-hammermg  is 

82  86  13 

per  cent :  the  mean  being  27  per  cent  After  annealing,  the 
strength  becsme 

22-1  24-6  28-5  tons. 

per  square  indu  Hence  after  both  processes,  there  still  remains 
aloss  of 

14  ^  8-6  per  cent 
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The  tensile  strength  of  plate  iron  also  is  reduced  by  annealing 
as  shown  by  Mr.  Eirkaldy's  experiments  on  six  kinds  of  Tork- 
shire  iron  f,  ^,  and  |  inch  thick,  which  gave  the  loss  =  5*6  per 
cent,  lengthways,  and  5  *  2  per  cent,  crossways  of  the  grain ; 
Lowmoor  giving  4*8  and  1*8 ;  Bowling,  8*0  and  9*1  per  cent, 
respectively. 

The  effect  of  annealing  chain  is  shown  by  Nos.  19,  20  in 
Table  21,  to  be  16*84  -f- 17-54  =  *93,  or  7  per  cent,  loss  of 
strength  (1C9). 


CHAPTER  II. 

OH  BTVEITD  JOINTS. 


(15.)  Eiveting  two  plates  of  metal  together  may  appear  to  be 
a  very  simple  matter,  but  the  fact  is  that  there  is  more  philosophy 
involved  in  it  than  is  commonly  supposed.  The  extreme  im- 
portance of  riveted  joints,  not  only  as  applied  to  steam-boilers, 
but  also  to  girders,  railway  bridges,  and  other  structures  will 
justify  the  most  careful  attention  to  the  principles  by  which  the 
strength  is  governed,  and  the  proper  proportions  are  fixed. 

The  strength  of  a  riveted  joint  is  dependent,  first,  on  the 
tensile  strength  of  the  plate,  measured  at  its  weakest  place, 
namely,  through  the  line  of  the  rivet  holes ;  second,  on  the 
shearing  strength  of  the  rivets ;  and  third,  on  the  friction  of  the 
plates  against  one  another  due  to  the  pressure  of  the  rivets. 

(16.)  "  Strength  of  Pundied  Piotef."— It  has  been  found  by 
experiment  that  when  wrought-iron  plates  are  punched  cold  in 
the  usual  way,  the  strength  of  the  plate  i&  reduced  not  only  by 
the  removal  of  the  metal  punched  out,  but  also  by  the  damaging 
of  the  fibres  of  the  metal  that  remains  between  the  rivet-holes. 
Direct  evidence  of  this  is  given  by  the  experiments  on  Yorkshire 
plates  by  Mr.  Eirkaldy  in  Table  4,  which  shows  that  the  mean 
loss  was  13  per  cent,  with  the  grain,  and  17  *  26  per  cent,  across  the 
grain,  this  being  the  result  of  eighteen  experiments  on  six  kinds 
of  iron  by  different  makers,  with  plates  f ,  ^,  and  f  inch  thick. 
The  plates  were  in  all  cases  8  inches  wide,  with  four  rivet-holes 
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Tabi3  4. — Of  the  Lews  of  Strength  by  ruNCHiKO  HiynvBoijes 

in    Y0RK8HIRE   BOILEB-PLATCS. 


Kind. 


ThickneM. 


LoM  Per  Gent. 


LengthwATt. 


Lowmo^ 

»  ••      ••      •• 

t»  

fi  

Bowling      

»»  ••      ••      •• 

Farnley 

»»  •■      ••      •• 

»»  

»  • 

Coo|;Cr'8        

If  .•       ••       .. 

n  ••       ••       •• 

n  ••       ••       •• 

Taylor'B      

Moiikbrldge 

n  ••      •• 
Mean     ••      •• 


•38 
•63 
•37 
•63 

■54 
•53 
•40 
•63 
•41 
•63 

•39 
•63 
•39 
•62 

•52 
•53 
•51 
•50 

•  • 

(1) 


17 
16 


8 

16 
16 


11 
14 


7 
6 


13 

(2) 


7 
8 


55 

8 
5 


0 

4 


63 

7 
0 


CroMwayi. 


212 
17^8 

13-9 


19-8 
19-1 


13  05 
18-9 

12*8 

16*7 
17-26 
(3) 


in  a  line,  *  85  inch  diameter ;  hence  the  ratio  of  the  solid  part 
of  the  plate  to  the  metal  between  rivet-holes  was  <8  —  (*85x^[ 

^  8  =  '575  to  1*0.  This  proportion  is  about  the  same  as  that 
adopted  in  ordinary  riveting,  a  fact  which  is  important,  for 
obvionsly,  the  damage  to  the  fibres  will  be  the  greatest  close  to 
the  rivet-holes,  and  will  dimimsh  with  the  distance :  now  when 
the  holes  are  pretty  close  together  as  in  ordinary  riveting,  we 
may  sappose  that  the  whole  of  the  metal  between  them  will  be 
affected,  but  where  the  diHtance  is  very  great,  the  metal  at  mid- 
distance  may  be  wholly  unaffected,  and  in  that  cose  the  mean 
strength  would  be  much  greater  than  in  others  where  the  pitch 
of  the  rivets  is  small.  Mr.  Eirksildy's  experiments  are  the  more 
eondusive  because  the  strengths  of  the  punched  plates  were 
oompared  with  those  of  unpunched  ones  cut  out  of  the  same  plate. 
Moreover,  in  order  to  avoid  any  possible  loss  of  strcDgtb  hf 
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shearing,  which  woald  probably  be  analogous  to  that  due  to 
punching,  the  plates  were  all  cut  oat  in  a  slotting  machine. 

(17.)  These  experiments  appear  to  be  reliable,  nevertheless 
there  are  some  remarkable  differences  between  them  and  the 
results  obtained  by  other  authorities.  For  example,  Mr.  Fair- 
baim*s  experiments  in  Table  1  give  for  Lowmoor  iron  24  56 
tons  per  square  inch  both  lengthways  and  crossways,  whereas 
Mr.  Kirkaldy  gives  for  plates  not  annealed  21  *  3  lengthways, 
and  20*3  tons  crossways,  and  for  annealed  plates  20*1  and 
19*2  tons  respectively,  these  being  the  means  for  six  kinds  of 
Yorkshire  iron,  and  they  show  a  difference  of  15,  22,  20,  and 
2S  per  cent  as  compared  with  Fairbaim's  results.  Messrs. 
Napier  and  Son's  experiments  in  Table  1  give  24  *  1  tons  length- 
ways as  the  strength  of  Yorkshire  plate  iron ;  agreeing  with 
Mr.  Fairbaim.  Another  remarkable  difference  is  that  the  loss 
due  to  punching,  which  as  we  have  seen  (16)  was  13,  and  17*26 
per  cent,  by  Kirkaldy,  was  as  much  as  24  per  cent  in  single 
riveted  joints  by  Mr.  Fairbaim,  as  shown  by  coL  4  of  Table  5. 
Probably  the  fact  that  the  strain  is  not  central  or  symmetrical, 
as  shown  by  the  broken  centre-line  in  A,  Fig.  6,  may  account 
for  the  difference. 

(18.)  «  Strength  of  Drilled  Plates.**— When  the  rivet-holes  are 
drilled,  the  loss  of  strength  in  the  metal  between  the  rivet-holes 
is  practically  nothing,  the  mean  result  of  eighteen  experiments 
on  six  kinds  of  Yorkshire  iron  (16)  was  1  *  13  per  cent,  length- 
ways, and  0  *  9  per  cent,  crossways.  Notwithstanding  the  advan- 
tage which  is  thus  shown  to  accrue  from  drilling  rivet-holes,  it 
is  hardly  likely  ever  to  be  adopted  extensively  in  practice  ;  the 
extra  cost  of  drilling  would  not  be  compensated  by  the  extra 
strength  obtained. 

(19.)  «  Shearing  Strength  of  Bivet8.''—li  is  shown  in  (123)  that 
the  resistance  to  shearing  is  equal  to  the  tensile  strength  of  the 
iron,  and  Mr.  E.  Clark's  experiineuts  gave  22*  1  tons  per  square 
inch,  Mr.  Fairbaim's  experiments  gave  22*04  tons  in  a  single- 
riveted  joint,  where  the  result  might  possibly  be  complicated  by 
friction  (20),  but  with  such  a  joint  friction  would  be  eliminated 
at  the  point  of  rupture,  the  surfaces  separating  by  the  unsym- 
metrical  strain  (17).     We  may  therefore  tako  22  tons,  or 
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49,280  lbs.  per  Mjnaie  inch  as  the  mean  shearing  atr^gth  of 
wroaght-iron  rivets. 

(20.)  **  Friction  from  Ortp  of  Bivdsr—llLr.  E.  Clark  made 
some  experiments  on  the  friction  in  riveted  joints,  and  obtained 
some  remarkable  results,  for  he  found  that  the  friction  increased 
condiderably  with  the. length  of  the  rivet.  With  rivets  |  inch 
diameter,  riveted  hot  in  the  usnal  manner,  and  1^,  1|,  and  ii} 
inches  long,  the  friction  was  4},  5^,  and  8  tons  reffpectivelj. 
The  experiments  were  made  in  the  following  manner:  three 
I  plates  were  riveted  together  with  one  I  rivet;  the  central 
plate,  haying  an  oblong  hole,  was  then  drawn  between  the  other 
two,  the  Motional  resistance  to  which  was  5 J^  tons.  Two  j^inch 
washers  were  then  added,  making  the  length  2|,  when  the  strain 
due  to  friction  became  8  tons.  Two  y\  plates  and  two  ^  washer? 
gare  a  length  of  1^  inch,  ^hen  friction  became  4|  tons.  This 
last  experiment  approximates  nearly  to  the  conditions  of  ordinary 
riveted  joints. 

(21.)  "  Princtplei  of  Riveting*^ — ^We  may  now  investigate  the 
phenomena  which  occor  with  riveted  joints,  and  to  do  that 
satisfiftctorily  it  will  be  well  to  take  an  experimental  case,  tho 
reasoning  can  then  be  checked- by  practice.  Fig.  7  is  a  joint  of 
best  Staffordshire  plate,  experimented  npon  by  Mr.  Branel :  tho 
main  plates  were  ^  inch  thick,  and  the  joint  was  furinc  d  with  a 
front  and  back  plate  each  f  inch  thick,  and  twenty  rivets  f|  inch 
diameter.  This  joint  failed  with  1G4  tons,  by  the  ^-inch  plate 
tearing  through  the  outer  line  of  rivet-holes  B,  B :  the  rivets 
were  not  broken  in  this  case,  but  evidently  they  must  have  been 
on  the  point  of  rupture,  for  in  another  and  similar  experiment 
the  whole  of  the  ten  rivets  in  one  half  of  the  joint  were  sheared 
with  a~lower  strain,  namely  153  tons.  We  may  therefore  assume 
that  164  tons  would  or  should  rupture  the  plate  and  shear  the 
rivets  simultaneously.  It  was  also  found  that  a  solid  or  un- 
pnnched  plate  of  the  same  iron  broke  with  a  mean  strain  of  20 '  6 
tons  per  square  inch. 

We  have  no  experimental  evidence  of  the  damaging  effect  ol 
punching  on  Staffordshire  plates  (16),  but  with  Lowmoor  iion$ 
Table  4  shows  a  mean  loss  of  19  •  5  i»er  cent  when  strained  crosaF** 
wmya  at  tha  grain,  and  17  por  oent,  len-sthways ;  taking  18  pot 


Q 


^^r\ 


18  BITSTSD  JOINTS — GEITIBAL   VBISCIVUBB, 

cent,  as  i^  mean  for  Staflbrdshire  plates,  the  metal  loft  bet\reeii 
rivet-holes  will  ho  rotlaoed  to  100  —  18  s  82  per  ceut.  of  the 
strength  of  a  solid  plate ;  henoe  in  our  case,  we  haye  20  *  6  X  *  82 
=  16' 9  tons  per  square  inch.     The  area  through  the  line  B,  B 

i*  1^  -  (H  X  5  |x  i  s  8-28  square  inches, henoe 8* 28 x  10*9 

s  140  tons,  the  breaking  weight  of  the  plate. 

T » this  has  to  be  added  the  friction  dne  to  the  grip  of  the  five 
rivets  in  that  row;  by  Mr.  E.  Clark's  experiments  (20)  this 
may  be  taken  at  4f  tons  per  rivet,  or  in  our  case  4f  x  5  =  24 
tons,  making  with  that  dne  to  the  plate  140  +  24  s  164  tons, 
which  happens  to  be  precisely  as  per  experiment. 

(22.)  *'  Beat  and  Apparent  Strength:'— The  difference  between 
real  and  apparent  strength  will  now  bo  manifest ;  the  apparent 
strength  or  that  of  the  whole  combination  is  164  tons,  borne  by 
8  28  square  inches,  or  164  -r  8  *  28  =19*8  tons  per  square  incli, 
but  the  real  strain  on  the  metal  between  rivet-holes  as  we  have 
seen  (21)  is  16*9  tons ;  the  strtvin  on  the  solid  part  of  the  plate 
at  G,  C  is  only  164  -7- 10  =  16*4  tons,  whereas  the  breaking 
weight  =  20*6  tons  per  square  inch. 

Thus  the  normal  strength  of  the  solid  plate,  or  20*6  tons,  is 
reduced  by  punching  to  16*9  tons  per  square  inch,  which  again 
is  increased  by  friction  to  19*8  tons,  being  restored  within 
20-6  -  19-8  =  0*8  ton  of  the  normal  strength. 

"  Bicets" — The  ten  rivets  were  each  ||-inch  difttneter 
=  *8712  square  inch  urea,  and  being  subjected  to  a  double  shear 
give  * 8712  X  10  X  2  =  7*424  square  inches  shearing  area; 
then,  their  apparent  strength  is  164-7-7*424  =  22*09  tons  per 
square  inch,  wh^'ch  is  almost  exactly  the  resistance  given  fwr 
double  shear  by  Mr.  E.  Clark's  experiments  (128). 

With  certain  proportions  of  donUe-riveted  joints  the  appn* 
rent  strength  of  the  metal  between  rivet-holes  per  square 
inch  may  exceed  that  of  the  eoUd  plate,  a  result  that  seems 
anomalous,  but  may  be  easily  explained*  Thus,  let  Fig.  8  be  a 
joint  with  seven  j-inch  rivets  in  the  outer  row  B,  B ;  then  the 

area  of  the  central  plate  on  that  line  will  be<20—  (|x7[x^ 

«B  6*94  square   inches,   giving   1C*9  x  6*94  =  117*28  tons. 
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Then,  each  rivet  giying  4|  Uma  of  irieiion,  we  lutTe  4*75  x  7 
=  33*25  tons,  and  the  totol  breakiog  weight  of  the  joint 
r:  117*28  +  33-25  s  150*53toiig,or  150-53  4- 6-94  =  21-69 
tons  per  aqoAre  izieh  of  metal  between  riyet-holea.  Bat  the 
solid  pliite  yiekb  20*6  tona  only*  hoDce  we  have  21-69-4-20-6 
=  1*053,  or  5*3  per  eenl  in  exceaa  of  the  solid  plate,  agreeing 
wit^t  Mr.  Fairbaim's  result  in  ooL  4  of  Table  5,  which  gives 
1*0526,  or  5*26  per  cent  excess.  Here  the  aotoal  strength  of 
motal  between  riyet-holes  is  18  per  oenl  less  than  the  normal 
strength  or  that  of  the  solid  plate,  bnt  the  apparent  strength  is 
5  *  3  per  cent,  in  excess,  the  difference  being  due  to  friction. 

(23.)  These  calculat-ons  are  not  given  ss  absolntelj  correct, 
bat  as  serving  to  illastrate  the  principles  on  which  the  strength 
of  riveted  joints  depends,  and  to  explain  the  differences  in  the 
apparent  strength  of  various  kinds  of  joints  in  Table  5.  For 
inst^ince,  hj  coL  6  the  mean  strength  of  a  solid  plate  of  average 
British  plate-iron  =  48,454  lbs.  per  sqnare  inch  ;  by  pnnching, 
the  loss  is  18  per  cent,  as  in  (21),  and  the  strength  of  the  metal 
left  between  rivet-holes  is  ledacod  to  48454  X  *  82  »  39723  lbs., 
and  will  be  the  same  with  all  the  dififerent  joints  in  that  colnam« 
The  oblique  action  of  the  strain  in  an  ordinary  single*riveted 
joint,  as  shown  by  the  broken  centre  line  o,  p  at  A,  in  Fig.  6, 
redaces  the  apparent  strength  to  36,898  lbs.,  and  with  one  back 
plate  as  at  B,  to  8^,248  lbs.  per  square  inch,  both  being  less 
than  that  of  a  punched  bnt  unriveted  plate  with  a  fair  central 
strain,  which,  as  we  have  seen,  is  39,723  lbs.  But'  with  a  front 
and  back  plate,  friction  becomes  more  inflaential  and  increases 
the  apparent  strength  to  4G.070  ibs. 

(24.)  ^  Kinds  of  Biveted  Joinie.** — ^There  are  six  principal 
kinds  of  riveted  joint,  which  are  shown  by  A,  B,  C,  D,  E,  F 
in  Fig.  6,  and  are  describjd  or  specified  in  Table  5,  which  also 
gives  the  apparent  strength  of  the  metal  between  the  rivet- 
holes  in  each  kind  of  joint,  and  with  three  different  kinds  or 
qualities  of  plate  iron,  namely,  Yorkshire,  Staffordshire,  and  the 
general  average  of  British  iron.  Staffordshire  is  the  weakest  of 
the  three,  but  is  more  extensively  used  than  any  other,  and  may 
be  taken  as  a  basis  for  calculation  in  ordinary  cases.  Taking 
it  as  a  stanJard,  British  iron  gives  48454  -^  44800  »  1  *  082,  or 
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Tabls  S.<— Of  tbe  Stbbxgth  of  Bitbted  Joints  in  Wbought-ibok 

Plates. 
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48,454 
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44.800 


36,898  34,110 

»..«!«,« 

46,07042,600 
45,20841,800 
46,52042,870 


51,000 
(•) 


47,160 


8-2  por  cent,,  aud  Yorkshire  5^204 -r-  41800  =  1-25G,  or  25-6 
per  cent,  greater  tensile  strength. 

(26.)  *^  Proportton$  of  Riveted  Jmnl$y — In  fixing  the  pro- 
portions of  riveted  joints,  it  is  necessary  to  consider  tbe 
subject  nnder  two  ditferent  beads  ;  Ist  for  girder-^work,  where 
we  have  simply  to  secure  equality  between  the  shearing 
strength  of  the  rivets  and  the  tensile  strength  of  the  plate 
between  rivet-boles,  so  that  both  m%j  fail  simultaneously ;  and 
2nd,  for  stcftm-boiler  work,  where  we  have  not  only  to  consider 
the  que  stion  of  strength,  but  also  the  maximum  pitch  of  rivets 
consistent  with  tightness  of  the  steam-joint?.  This  will  vary 
with  the  pressure  of  the  steam  and  the  thickness  of  the  plate ; 
if  with  a  given  thickness  and  pressure  the  distance  between 
rivet-holes  exceeds  a  certain  amount,  it  will  be.  difficult,  or 
perhaps  impossible,  to  make  the  joint  permanently  steam- 
tight  (45).  On  the  other  hand,  if  the  pitch  is  unduly  reduoed, 
the  proportions  of  the  metal  left   botweeU  tho  holes  tQ  the 


miTRXD  lOIKTB.      DIAXETEtt  0^  MmS.  21 

solid  part  of  the  plate  are  reduced  also,  and  a  loM  of  atrengih 
will  ensue. 

With  girdei^work  we  have  the  choice  of  any  of  the  m  kinds 
of  joint  in  Tahle  5,  bat  for  boilers  we  are  practically  confined 
to  two,  namely,  single  and  doable  riveted ;  these  alone  being 
easily  made  steam-tight  by  caalking. 

(26.)  ''  Diameter  of  BlveU!* — ^The  proper  sice  of  rirets  in 
pr(»portion  to  the  thickness  of  plate  is  to  some  extent  arbitrary, 
and  within  certain  limits  may  be  varied  considerably,  so  long  as 
the  great  principle  is  observed,  namely,  so  to  adjust  the  pitch 
and  thickness  as  to  secnre  eqoality  between  the  tensile  strength 
of  the  plate  and  the  shearing  strength  of  the  rivets. 

Nevertheless,  practice  has  dictated  as  ezpelient,  certain  pro- 
portions between  the  diamet(»r  of  rivet  and  thickness  of  plate 
which  shonld  be  followed  in  ordinary  cases,  and  may  be 
expressed  by  the  rale : — 

(27.)  d^{ixli)+  tV 

or  (i  =  (<x  1-25)+ -1875. 

In  which  t  m  the  thickness  of  plate,  and  d  ==  diameter  of  rivet- 
holes,  both  in  inches :  col.  2  of  Table  14  k»  been  calculated 
by  this  rule.  It  should  be  observed  that  the  diameter  of  the 
kole  shonld  be  taken  rather  than  that  of  the  cold  rivet :  the 
rivet  is  always  made  smaller  than  the  hole  for  facility  in 
inserting  it ;  bat  when  riveted  hot  in  the  nsnal  way  it  fills  the 
h<  le  completely,  and  the  strength  is  therefore  governed  by  the 
size  of  the  hole  itself. 

(28.)  It  is  a  practical  dictum  that  the  diameter  of  the  rivets 
shall  be  proportional  to  the  thickness  of  the  plate  irrespective 
of  the  pressure  of  steam  and  other  considerations.  This  leads 
to  no  difficulty  with  girder-work,  because  we  can  always  adjust 
the  pitch  so  as  to  obtain  equality  between  the  strain  on  the 
rivets  to  that  on  the  plate  (25).  But  for  boiler-work  the  pitch 
is  restricted  by  the  pressure  of  steam  (45),  and  we  are  conducted 
to  the  anomaly,  that  as  the  pressure  is  increa.sed,  the  diameter 
of  the  rivets  should  be  reduced,  a  result  precisely  contrary  to 
tiiat  expected  (58), 
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(29.)  "  Pitch  of  Biveis  in  Single-riveted  Joints.'' -^The  main 
principle  in  riveting,  as  we  have  stated,  is  so  to  proportion  the 
spaoe  between  rivet-holes  to  the  ama  of  the  rivet  as  to  obtain 
equality  of  strength,  that  is  to  say,  that,  theoretically  at  least, 
the  rivets  shall  be  sheared  and  the  plate  raptured  simnltaneonsly. 
In  a  simple  single-riveted  joint,  if  the  shearing  strength  of 
rivets  per  square  inch  and  the  tensile  strength  of  boiler-plate 
were  equal,  the  area  of  plate  between  two  rivet-holes  should  be 
equal  to  the  area  of  a  rivet-hole,  and  it  is  commonly  assumed 
that  such  is  the  proper  proportion.  But  by  coL  6  of  Table  5 
the  mean  strength  of  the  metal  between  the  rivet-holes  in  single- 
riveted  joints  is  86,898  lbs.  per  square  inch,  whereas  the  shearing 
strain  of  rivets  by  (19)  is  49,280  lbs.:  hence  the  area  of  the 
rivet  tn  ihi8  kind  of  joint  should  be  86898-^49280  ^ '7b  of 
the  area  of  metal  between  rivet-holes. 

(80.)  Thus,  with  |  plate,  and  H  nvets,  as  per  Table  6,  the 
area  of  |^  =  *8712,  hence  the  area  of  metal  between  two  rivet- 
holes  should  be  '8712  -r-  '75  =  '495  square  inch ;  the  distance 
between  rivet-holes  ^  *495-r  f  =  1'82  or  1-,^  inch,  and  the 
pitch  1-^  +  f^  =  2  inches.  The  ratio  of  the  metal  between 
holes  to  the  solid  plate  is  1*82  -J-  2  a  *66,  hence  the  strain  on 
the  solid  plate,  when  the  joint  is  breaking  through  the  line  of 
rivet-holes,  is  86898  X  *66  =  24358  lbs.  per  square  inch.  This 
reduced  strain  on  the  solid  plate  as  thus  found,  is  useful  for 
the  purpose  of  calculation,  as  we  shall  find  when  we  come  to 
apply  these  results  to  girders,  boilers,  &o. 

The  general  proportions  of  siugle-rivoted  lap-joints  calculated 
on  these  principles  are  given  by  Table  6 ;  with  steam-boilers 
the  pressure  of  the  steam  has  to  be  considered  in  fixing  the 
pitch  of  the  rivets  (44),  but  for  girder^work  the  proportions 
given  hj  the  TaUe  require  no  correction. 

(31.)  ''  SingUMveied  Joints  wiih  Back  and  Front  P2ale."— The 
advantage  of  a  single  back-plate,  as  at  B,  Fig.  6,  is  inconsider- 
able, as  shown  by  ooL  4  of  Table  5,  but  with  a  front  and  back 
plate,  as  in  Fig.  8,  it  is  very  great,  which  is  due  not  only  to 
the  greater  apparent  strength  of  the  metal,  but  also  because 
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Table  6. — Of  the  Pbopobtiohb  and  SnunioTH  €i  SnroLBoBiTiTiD 
Jonrrs  in  Wb«iU6ht-ibon  Plates:  ftjr  Gibde»»wobk  oolt. 
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the  riyets  are   subjected  to  a  double  tihear,  and  their  area  in 
proportion  to  the  plate  may  be  reduced  to  half. 

The  apparent  strength  of  metal  between  holes  being  by  col.  6 
:±  46070  lbs.  per  square  inch,  the  area  of  the  rivets  should 
be  46070 -T- 49280  =  '93  of  the  area  of  metal  between  two 
holes.  Taking  f  plate,  and  fj-  rivets  as  before,  the  area  of  the 
rivet  with  double  shear  s  '8712  x  2  =^7424  square  inch; 
the  area  of  metal  between  two  holes  =  *  7424  -7-  *  93  =  *  8 
sqnai^  inch ;  the  distance  between  the  holes  =  *  8  -7-  f  =  2^ 
inches,  and  the  pitch  =  2|^  +  {^  =  2|| ;  the  ratio  of  the  metal 
betireen  holes  to  the  solid  plate  =  2^  -^  2|^,  or  34  -r-  45  =  •  756, 
and  the  strain  on  the  solid  plate  =  •  756  x  4G070  =  34829  lbs. 
per  square  inch,  which  is  34829  4-24353  =  1-48,  or  48  per 
cent  more  than  with  a  simple  single-riveted  joint  (30).  Table  7 
gives  the  general  proportions  and  strength  of  single-riveted 
joints,  with  front  and  back  plate  calculated  in  the  manner  we 
]iave  illustrated. 

(32.)  ^^  Amount  of  Lap.*^ — A  riveted  joint  miy  give  way 
Ist,  by  the  rivets  shearing ;  2nd,  by  the  plate  breaking  across 
through  the  line  of  the  rivet-holes;  and  3rd,  by  the  rivet- 
lioles  tearing  out:  we  have  considered  the  two  former,  and 
have  now  to  consider  the  latter.  Theoretically,  the  metal  a,  5, 
c,  <2,  in  Fig.  10,  should  be  torn  out,  but  the  rivet  would  be 
flattened  and  deformed  by  the  plate,  and  we  may  assume  a 
starting-point  for  the  line  of  fracture  at  m,  say  midway  between 
a  and  n :  then  the  sum  of  the  distances  m,  0  and  p,  r  should  be 
eqiuil  to  the  space  c,  e  between  two  rivets.  Taking,  therefore, 
half  the  distance  c,  0,  and  setting  it  from  m  to  0,  we  obtain  tho 
lap  for  single-riveted  joints,  as  in  ooL  5  of  Table  6. 

(33.)  With  a  double-riveted  joint.  Fig.  11,  the  plate  F  m^'ght 
break  on  the  line  of  rivets  A,  B ;  in  that  case  the  plate  £2  and  all 
the  rivets  may  remain  intact ;  conversely,  the  plate  E  may  break 
on  the  line  0,  D,  the  plate  F  and  all  the  rivets  remaining  firm. 

If,  as  in  Fig.  12,  we  make  the  space  T  =  half  S,  fracture 
might  take  place  on  the  zig-zag  line  J,  K  as  easily  as  on  the  line 
A,  B,  or  C,  D,  in  Fig.  11,  because  the  breadth  of  plate  strained 
is  the  same  in  both  cases.     This  shows  that  T  should  be  half  S. 

In  another  case  all  the  rivets  mi^ht  bo  torn  out,  as  in  Fig.  13, 
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both  platee  being  torn,  bnt  if  the  Up  be  adjostedi  as  in  Fig.  12, 
so  that  the  area  of  metHl  torn  ont  tn  each  ftalf  is  eqaal  to  that 
on  the  line  A,  B  in  Fig.  11,  the  breaking  weight  will  be  the 
same  in  all  three  cases,  Figs.  11, 12, 13. 

In  yet  another  case  all  the  rivets  might  be  sheared,  and  both 
plates  remain  intact. 

(34.)  ''  Pitch  of  RivetM  tn  Double  rivtUd  Jbtnfo.**— Say  that  we 
take  the  case  of  ^-inoh  plate,  double-riveted  with  {-iudi  rivets : 
the  area  of  (  s  •6013,  or  for  two  rivets  -6013  x  2  =  1'202G 
sqnare  inch.  In  a  common  donble-rivetel  joint,  the  ajiparent 
strength  of  the  metal  between  the  rivet-holes,  by  col.  6  of 
Table  5,  is  45,208  lbs.  per  square  inch,  and  taking  the  shearing 
strength  of  rivets  (19)  at  49,280  lbs.  per  square  iuoh,  the  ratio 
is  45208-4-49280  »  'SI;  hence  for  1*^2026  sqnare  inch  of 
rivet  we  require  1*2026-7-  *91  =  1*82  square  inch  of  plate. 
The  distance  between  two  rivet-hoh^s  will  then  bo  1  *  32  4-  4* 
=r  2*64,  or  2}  inches,  and  the  pitch  P  in  Fig.  11,  »  2f  +  f  » 
8^  inches :  ihe  ratio  of  the  metal  but^veen  rivet-holes  to  the 
solid  plate  is  2;^ -^3^,  or  21-r-28  »  *751,  hence  we  have 
45208  X  '  751  «  33951  lbs.  per  square  inch  on  the  solid 
plate. 

Comparing  this  result  with  that  given  for  the  same  plate 
single-riveted  by  coL  8  of  Table  6,  we  obtain  33951  -r  23984 
B  1'42,  or  42  per  cent,  more  with  a  double  than  with  a 
single-riveted  joint.  This  great  advantage  is  partly  due  to  the 
improved  conditions  of  the  strain  by  which  the  apparent 
strength  is  increased  from  36,898  to  45,208  lbs.  per  sqnare 
inch,  as  shown  by  coL  6  of  Table  5 ;  and  partly  to  the  greatly 
increased  pitch,  by  which  the  ratio  of  metal  between  holes  to 
the  solid  plate  is  increased  from  *650  to  *751. 

For  girder-work  this  iucroasi«d  ntrength  may  be  realise<1,  but 
for  steam-boilers  the  great  pitch  precludes  the  nse  of  sudb  pro- 
portions, except  for  very  low  pressures  of  steam,  for  instance, 
^-inch  plate,  3^  inches  pitch,  with  }  rivets,  would  give  2 J  space, 
with  which,  by  the  rule  (46),  the  working  pressure  of  sti  am 
V  7  *  4  lbs.  per  square  inch  only. 

Table  8  gives  the  general  proportions  of  double-riveted  jointsy 
calculated  on  the  principles  we  have  iUostiated. 
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(35.)  «  Dcuble-noeted  Joints  uith  Back  and  Front  Plates.'*-^ 
With  a  plate  on  both  sides,  as  in  Fig  9,  a  double-riveted  joint 
has  an  apparent  strength  of  51,000  lbs.  per  square  inch  hj 
col.  6  of  Tab'e  5,  and  taking  the  shearing  htrcugth  of  rivetb  at 
49,280  lbs.  (19)  the  sheai-iug  area  of  the  rivets  should  be 
51000  -7-  49280  =  1*035,  that  of  the  metal  between  hol^s  being 
1*0.  Taking  the  case  of  ^-inch  plate  with  4^  J  rivctd,  each 
space  being  now  matched  by  tico  rivets  subjected  to  double^ 
shear,  and  the  area  of  If  =  *5185  square  inch,  we  have 
*5185  X  4  =  2*074  square  inches  of  rivets,  requiring  2*074 
-7-1*035  =  2  isquare  inches  of  plate:  hence  the  distance 
between  the  insides  of  two  rivet-holes  s=  2  -t-  i^  =  4  inches ; 
the  pitch  4  +  I'J  =  4j^|  inches :  the  ratio  of  metal  between 
rivet-holes  to  the  solid  plate  =  4-T-4JJ,  or  64  4-77  =  -831, 
giving  on  the  solid  plate  51000  X  *S31  =  42381  lbs.  per  square 
inch,  being  42381-7-28172  =  1*83,  or  83  per  cent  greater 
strength  than  the  same  ^-inch  plate  with  simple  single-riveted 
joint,  as  given  by  col.  8  of  Table  6.  Table  7  has  been  cal* 
culated  throughout  in  this  manner. 

(36.)  •*  Chain-BivetingJ'—Tlie  various  Tables  6  to  8  show 
that  with  every  kind  of  ordinary  joint  there  is  a  considerable 
loss  of  strength,  due  to  the  metal  being  punched  out  to  take 
the  rivets,  varying  from  *588,  or  a  loss  of  41*2  per  cent,  with 
single-rivetetl  joints  in  Table  6,  to  '857,  or  a  loss  of  14*8  per 
cent,  in  double-riveted  ones  with  front  and  back  plates  in 
Table  7.  By  what  has  been  termed  Chain-rheting  the  loss 
from  this  cause  may  be  entirely  avoided,  and  the  full  tensile 
strength  of  the  entire  area  of  the  solid  plate  may  be  utilised. 

Say  we  take  f  plates,  double  riveted  with  1^  rivets  4^  inches 
pitch,  as  in  Table  8,  the  sptice  between  rivet  holes  being  2}^  ; 
then  the  ratio  of  the  metul  between  rivet-holes  to  the  solid 
part  of  the  plate  or  space  -r-  pitch,  becomes  2ff  -7-  4^,  or 
47-7-65  =  -72%  hence  1*0  -  -723  =  -277,  or  27*7  per  cent 
of  the  strength,  is  lost.  Now  if  instead  of  arranging  the 
rivets  in  two  rows,  as  in  Fig.  11,  we  place  them  in  five  rows,  at 
in  Fig.  15,  we  have  on  the  line  Q,  E,  4jV  X  3  =  12^  inches 
pitt  h,  and  the  space  12^\  —  1 J  =  1 1  ,V,  then  the  ratio  or  space 
-6- pitch  becomes  ll^V  -r  12i'*j,  or  177  -^  195  =  -91.  or  100- 
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91  =  9  per  ciiit«  loss  of  strength  only,  allowing  nothing  for 
'friction  between  the  snr&ces  (20).  Bat  friction  in  such  » 
joint  would  certainly  add  9  per  cent,  or  eyen  more  if  it  could 
be  utilised,  and  thus  we  find  that  the  full  strength  of  the  s.<lid 
plate  becomes  available,  there  being  no  loss  whateyer. 

The  amount  of  lap  in  such  a  joint  carried  out  in  tlie  ordinary 
manner  would  be  yery  great,  but  this  may  be  avoided  by  the 
arrangement  shown  by  Fig«  15«  Tbe  bottom  plate  of  the 
girder,  or  rather  the  plate  subjected  to  tensile  strain,  instead  qi 
.being  made  in  one  thickness,  is  divided  into  two  plates  of  half 
the  thickness,  and  they  are  arranged  upon  one  apother  so  as  to 
hreah-jtiint.  Thus  when  a  thickness  of  1  inch  is  required  we 
should  use  two  ^inch  plates :  then  if  the  top  plate  extends 
from  A  to  B,  the  lower  plate  would  extend  from  G  to  D,  the 
junction  at  C  being  in  the  centre  of  the  solid  part  of  the  plate 
A,  B,  Ac  We  thus  secure  all  the  advantages  of  spreading  the 
rivets,  without  any  loss  by  lap. 

The  only  drawback  to  tbis  method  is,  that  two  thin  plates 
will  be  more  subject  to  damago  from  rust  than  one  thick  one  of 
equal  area,  not  only  because  they  would  expose  double  surface 
to  the  elements,  but  also  that  the  interstice  between  them 
would  harbour  the  rain-water.  This  method  is  therefore  most 
useful  in  large  structures  where  thick  plates  are  used,  and  even 
then,  care  should  be  taken  by  painting,  Scc^  to  obviate  deteriora- 
tion by  rusting, 

#TEXL  BrVETED-JOnrrS  FOB  QIBDBB-WOBK* 

(37.)  The  introduction  of  the  Bessemer  process  in  the  manu- 
&ctnre  of  steel,  and  consequent  reduction  in  cost,  has  led  to  its 
extensive  use  for  all  purposes  as  a  substitute  for  wrought  iron. 
The  full  yalue  of  its  great  tensile  strength  has  not  been  quite  ' 
realised  with  riveted  joints,  from  the  fact  that  steel  rivets  Lave 
oomparatively  a  low  shearing  strength,  which  differs  very  little 
from  that  of  wrought  iron  (42).  This  has  led  to  the  necessity 
for  larger  rivets  than  w6uld  otherwise  have  been  required, 
resulting  in  some  loss  of  strength.  The  best  experiments  we 
have  are  those  of  Mr.  H.  Sharp,  from  which  we  shall  obtain  the 


30 


8TBBL  PLATi:   SFFJEOT   OF   ANNBALINO. 


strength  of  annealed  and  nnannealed  steel  plates,  sdlid,  punched, 
aiid  drilled ;  also  the  strength  of  the  metal  in  riyeted  joints,  and 
of  the  rivets  in  those  joints. 

(88  )  ""  Solid  or  Uupunched  Plates:'— TMe  9  gives  the  strength 
of  solid  steel  plates,  and  shows  the  remarkable  effect  of  annealing 
or  heating  to  a  doll  red  heat  and  cooling  slowly  in  sand  or 
ashes,  the  result  being  an  increase  in  strength  of  61  per  cent, 
crussways  of  the  grain,  and  60  per  cent  lengthways,  the  mean 
of  the  two  =  55^  per  cent. 

Bemarkable  as  this  result  is,  it  is  confirmed  by  the  experi* 
ments  of  Mr.  Bamaby  at  H.M.  Dockyard,  Chatham,  on  steel  plates 
^  inch  thick,  punched  with  holes  about  f  inch  diameter,  &c,  aa 
iu  Fig.  H:  the  average  of  eight  annealed  plates  was  82*839, 
and  of  oight  anannealod  platt«  21  *  097  tons  per  sqoare  inch, 
showing  a  difference  of  38*839  -^  21*097  =  1*5566,  or  55*66 
per  cent,  being  almost  exactly  the  same  as  with  solid  plates. 


1 ADLB  9.— Of  Experiments  on  the  Tenshjb  Stbbkgth  of  Solid 
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21-58 
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Bada 
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(89.)  This  is  the  more  remarkable  because  the  effect  of 
annealing  with  wroaght-iron  plates  was  jnst  the  reverse,  as 
shown  by  the  direct  experiments  of  Eirkaldy  (14)  on  six  kinds 
ei  Yorkshire  iron ;  the  moan  result  of  eightoen  experiments  on 
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pUteB  },  I,  and  f  inch  thick  being  »  Ion  hj  «^w»^1mg  of  5  '6  pcf 
cent.  lengthwaySy  and  5*2  per  cent  oronwajs.  With  Lomooor 
iron,  the  lots  was  4*8  and  1*8  per  cent,  and  wiyi  Bowling,  8*0 
and  9  *  1  per  cent,  reepectiyelj. 

It  would  appear  from  this  that  steel  plates,  eren  in  the  solid 
or  unponohed  form  should  always  be  annealed  With  annealed 
plates,  those  strained  lengthways  of  the  grain  are  10  per  cent 
stronger  than  those  strained  croesways,  and  with  those  not 
annealed,  4*2  per  cent. 

(40.)  ''Effect  of  Punching  and  Dnllingr^lb.  Sharp  ma^le 
experiments  on  steel  plates  by  pmiching  and  drilling  riret-h  ties 
of  the  diameter  and  pitch  commonly  nsed  for  riveted  joints,  the 
resolts  of  which  are  given  by  Table  10,  which  shows  that  by 
pan<^ng  cold  in  the  nsnal  way,  the  metid  left  between  the 
holes  is  damaged  from  24*1  to  88  per  cent.,  the  mean  being 
88  per  cent.,  which  is  very  great  as  compared  with  wrought 
iron.  Mr.  Eirkaldy^s  experiments  on  Yorkshire  iron  in  Table  4 
^▼es  the  loss  doe  to  punching  from  6*7  to  21*2  per  cent.,  the 
mean  uf  the  whole  being  15  per  cent  only ;  Mr.  Fairbaim's 
experiments  on  Lowmoor  iron  in  single-riveted  joinU  gave 
1*0—76  s:  -24,  or  24  per  cent  loss,  by  col.  4  of  Table  5. 

After  the  punched  plates  were  annealed,  the  tensile  strength 
was  restored  to  85*86  tons  per  square  inch,  or  nearly  to  that  of 
the  solid  plate,  which  in  this  case  was  86  *  22  tons,  and  this 
again  is  the  strength  of  the  metal  in  a  drilled  plate  which  by 
Table  10  =  86*8  tons  per  square  inch.  From  this  we  find 
when  the  holes  are  drilled  the  metal  left  between  holes  is  un* 
injured,  its  strength  per  square  inch  being  equal  to  that  in  a 
solid  plate. 

It  is  not  very  clear  how  these  experiments  were  made,  but  it 
would  appear  tiiai  the  plates  in  Table  10  were  all  annealed  to 
begin  witii ;  then  after  the  holns  were  punched  the  strength 
was  reduced  from  86*22  to  24-883  tons  per  square  inch,  which 
by  annealing  a  tecond  Hme  was  restored  nearly  to  its  normal 
vmIoo,  or  to  85  *  86  tons.  The  drilled  and  annealed  plates  gave 
86*8  tons,  or  practically  the  same  strength  as  the  annealed 
solid  plate,  which  was  86*22  tons. 

(41.)  "*  Bipeted  Joints  in  Steel  Plate$:'—Sieol  pUtos  ^  inch 
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Table  10.— Of  the  Effect  of  Punching  and  Drilling  Rivet-iioijw 

in  Steel  Plates. 


Breaking  WHg'*t.    Tons  per 
Squ  .re  Inch. 

Batio. 

T>ora 
Percent 

Holm  PuDcheil. 

Holes  Drilled. 

^ 

26-690  +  85-22  = 
23-785  -*-  37-27  = 
22-570  -4-  30-40  = 

•759 
•«37 
-620 

24-1 
Hfi-3 
380 

Moan  Results  of  tlie  whole. 

24-833  4-  3G-80  =              -67 

830 

thick,  were  riyeted  together  with  ^^  rivets,  If  pitch ;  the  joints 
being  in  the  six  different  forms  given  in  Table  5.  Unfortu- 
natclj  the  resnlts  were  vitiated  by  the  weakness  of  the  rivets. 
Of  course  when  a  joint  fails  by  the  rivets  shearing  it  is  no  test 
of  the  strength  of  the  plate :  the  only  fair  way  is  to  take  those 
cases  where  the  rivets  &iled  as  giving  the  strength  of  the  rivets, 
and  viee-verid. 

Taking  fircnn  Table  11  the  pkUes  which  failed,  we  have  three 
with  punched  holoB  giving  40*98,  43*68,  and  89*11  tons,  the 
mean  t=  41*24  tons  per  square  inch.  Then  two  plates  with 
driUed  holes  failed  with  39*25  and  42*98  tons  respectively, 
the  mean  =  41*09  tons  per  square  inch  of  metal  between 
holes,  which  shows  that  with  riveted  joints,  as  with  nnriveted 
plates  (40),  the  strength  of  anriealed  steel  plates  is  the  same 
whether  the  holes  are  punched  or  drilled.  The  mean  of  the 
five  experiments  on  punched  or  drilled  plates  is  41*2,  say* 
41  tons  or  91,840  lbs.  per  square  inch,  which  may  be  taken  as 
the  breaking  weight  of  metal  between  rivet-holes  in  ordinary 
double-riveted  steel  joints.  It  will  be  observed  that  in  some  of 
the  experiments  from  which  that  datum  was  derived,  the  joint 
bad  a  back  and  front  plate^  the  rivets  being  therefore  subjected 
to  a  double-shear,  but  that  fisMst  seems  to  have  made  no  difference 
to  the  results. 

(42.)  ''Strength  of  Steel  J?iW«.'*— The  resistance  of  mild 
steel  rivets  to  a  shearing  strain  may  bo  obtained  from  Table  11 : 
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Table  U. — Of  Expmments  on  the  Strength  of  Riyktio  Joints, 

iu  Steel  I^lates. 
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•  • 

•  • 

•  • 
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•  • 
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•  • 
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•  • 

915 

••               ft              »  F 

•  • 

3911 

7-25 

n 

0) 

(2) 

(3) 

in  Beren  cases  the  rivets  were  sheared  with  strains  varying  from 
25-95  to  18*75  tons,  the  mean  of  the  whole  being  23*77  tons 
or  58,245  lbs.  per  square  inch,  which  is  remarkably  low.  It  is 
generally  admitted  that  the  shearing  and  tensile  strains  are 
equal  to  one  another,  and  (123)  shows  that  this  is  correct  so  &r 
as  wrought  iron  is  concerned.  Bat  the  mean  tensile  strength 
of  bar  steel  is  47  *  84  tons  per  square  inch,  this  being  the  mean 
of  sixty-six  experiments  in  Table  1,  so  that  it  would  appear 
that  the  fibres  of  steel  are  very  seriously  damaged  in  the  act  of 
riveting,  the  shearing  strength  being  reduced  to  half  the  normal 
tensile  strength. 

This  is  the  more  remarkable  because  it  is  really  lower  than 
the  shearing  strength  of  torotight  iron  :  the  direct  experiments 
of  Mr.  E.  Clark  in  (123)  give  24*14  tons  per  square  inch  ns 
the  moan  of  four  experiments  with  single-shear,  which  is  1| 
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per  oeni  groater  than  23*77  tons  the  shearing  strength  of 
steel. 

Moreoyer  it  should  be  observed  that  the  strength  of  steel 
rivets  was  obtained  from  joints  in  steel  plates,  where  the  friction 
due  to  the  grip  of  the  rivets  (20)  most  have  contributed  to  the 
apparent  strength,  so  that  the  res'stanoe  of  the  rivets  alone 
must  have  been  considerably  less  than  28*77  tons  per  square 
inch,  which  however  must  be  accepted  as  the  apparent  ^ear 
ing  strength  of  steel  rivets  in  double-riveted  joints  of  steel 
plates. 

(48.)  '' Proporffom  of  Steel  Joints.'*— The  pitch  and  other 
proportions  of  riveted  joints  with  steel  plates  may  be  detennined 
on  the  same  principles  as  those  of  wrought-iron  plates,  but  the 
relative  weakness  of  steel  rivets  will  affect  the  pitch  very 
considerably. 

We  shall  iike  the  tensile  strength  of  the  metal  between  rivet- 
holes  in  steel  joints  of  all  kinds  at  41  tons,  or  91,840  lbs.  (41), 
and  the  apparent  shearing  strain  of  steel  rivets  in  joints  at 
68,245  lbs.  per  square  inch  (42) :  hence  the  rivets  are  58  per 
cent,  only  of  the  strength  of  the  plates. 

8ay  we  take  for  illustration  |-inch  plates,  double-riveted :  by 
coL  8  of  Table  14  the  rivets  should  be  4^  inch  diameter ;  then 
the  area  of  the  rivets  must  be  91840  -r-  58245  =  1  *725,  that  of 
the  plate  between  holes  being  1*0,  hence  for  two  -^  rivets  to 
each  space  as  with  double-riveted  joiuts,  whose  area  =  *8712 
X  2  =  -7424  square  inch,  we  require  •7424-7-1*725  =  '43 
Square  inch  of  plute.  The  distance  between  holes  will  there- 
fore be  *  48 -f- 1  =  l'146,orHinch;  the  pitch  1^  +  H  =  ^Hl 
the  ratio  of  metal  left  between  holes,  to  the  solid  plate  =  1^  -^ 
1^,  or  18  -r  29  =  *  621 ;  and  the  strain  on  the  tolid  part  of 
the  plate  when  the  metal  between  holes  is  breaking  becomes 
91840  X  -621  s  57088  lbs.  per  square  inch.  Table  12  has 
he&OL  calculated  in  this  way  throughout 

Comparing  steel  joints  with  double-riveted  wrought-iron  ones- 
in  Table  8,  col.  9  gives  for  |-inch  plate  84,177  lbs.  per  square 
inch :  hence  we  obtain  57083  -h 34177  =  1*67,  or  67  per  cent, 
in  favour  of  steel  for  Girder-work:  for  Boilers  see  (65),  (74). 
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Tablb  Id.— Of  DouBLK-nnrrrBD  Joiurs  in  Steil  Pulto:  far 

GlBDBB-WORK  ONLY. 
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(44.)  In  riyeting  plates  for  girder- work,  we  have  only  io  oon* 
sider  the  proper  proportions  of  area  of  riyets  to  area  of  plate 
between  rivet-holes,  bat  for  steam-boiler  joints  we  haye  fortlier 
to  consider  the  space,  or  distance  between  rivet-holes  with 
reference  to  the  pressure  of  steam,  otherwise  the  joint  may  not 
be  steam-tight.  A  riveted  joint  may  be  abtindantly  strong 
enon^  to  resist  the  strain,  bat  if  the  pitch  of  the  rivets  is  too 
great,  it  will  giye  trouble  by  leaking. 

(46.)  '*  S^dtce  between  BitfeU,** — ^An  ordinary  lap-joint,  Fig.  16, 
is  made  st^m-tight  by  caulking  at  C,  and  althongh  the  con- 
traction of  the  rivet  in  cooling  will  draw  the  two  plates  together, 
still  there  will  be  a  small  space  at  D,  sufficient  to  allow  the 
bteam  to  enter,  being  stopped  in  its  passage  by  the  caulking 
at  C.  The  plate  at  E,  between  two  riyets  may  therefore  be 
regarded  as  a  beam  loaded  all  oyer  by  the  pressure  of  the 
steam,  and  if  that  pressure  exceeds  a  ceHain  amount,  the  effect 
will  be  to  cause  the  beam  to  spring  or  deflect^  slightly  and 
thereby  to  leak  at  0. 

We  haye  now  to  consider  the  relations  between' the  thickness 
of  plate^  distance  between  the  insidcs  of  the  rivet-holes,  and  the 
pressure  of  steam. 

D  2 
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Let  A,  B,  0,  Fig.  17,  be  three  beams,  all  of  tbe  same  depth 
(or  thickness)  aud  breadth,  but  varjing  in  length  in  the  ratio 
1,  2,  4 ;  then  by  analogy  these  may  be  regarded  as  three  steam 
joints  having  distances  between  insides  of  riyet-holes  in  the 
ratio  1, 2, 3,  &o.  Now,  if  we  admit  that  a  crack  of  any  measur- 
able amount  will  cause  leakage,  that  amount  will  be  the  same  in 
all  throe  cases,  so  that  the  problem  becomes  this ;  to  find  what 
the  respectiTe  loads  must  be,  to  give  one  and  the  same  deflection 
in  all  tiie  three  cases.    By  the  laws  of  deflection  in  (662)  it  is 

shown  that  W  =  -^ »  ^  n    *   ^  ^^  <»8®  ^»  ^i  8,  and  C  are 

L'  X  O 

constant,  therefore  W  will  be  inversely  proportional  to  L'  simply, 

hence  the  lengths  G,  B,  A,  being  in  our  case  1,  2,  4,  the  loads 

will  be  in  the  ratio  4',  2',  l^  or  64,  8, 1.    But  in  our  case,  the 

surfaces  over  which  these  loads  are  spread  are  also  in  the  ratio 

1,  2,  4,  and  our  special  object  is  to  find  the  pressure  or  load 

per  square  inch  ;  with  A  we  have  a  load  of  1  spread  over  a  length 

of  4,  hence  1  -r  4  =  ^  per  unit  of  length ;  with  B,  a  load  of  8 

spread  over  a  length  of  2,  or  8  4-  2  =  4  per  unit  of  length ;  and 

with  C,  a  load  of  64  spread  over  a  length  of  1,  or  64  per  unit  of 

length.    Thus,  with  lengths  4, 2, 1,  we  obtain  pressures  ^,  4,  64 ; 

or  in  the  ratio  1, 16,  256,  which  are  inversely  as  the  fourth  power 

of  the  lengths,  for  1\  2^  4*  are  1,  16,  256,  and  we  thus  find  that 

with  constant  thickness,  the  pressure  tending  to  produce  leakage 

of  steam  will  be  inversely  proportional  to  8\  or  the  fourth  power 

of  the  space,  or  distance  between  the  insides  of  the  rivet-holes. 

The  formula  in  (662)  shows  that  W  is  directly  proportional 

to  <*,  hence  we  have  the  rules  >— 

(46.)  J>  «  Mt  X  /*  -r  S*. 

(47  )  B  =  ifMTxTTp: 

(48.)  ML  =  S*xp-f-A 

Xn  which  S  «  the  space  between  insides  of  rivet-holes  in  inches. 
t  =s  thickness  of  plate  in  ^ths  of  an  inch. 
p  =  working  pressure  ofsteam  in  lbs.  per  square  inch. 
1^1^  =  a  constant  from  practice  =  6*6  for  wrought 
iron ;  6*2  for  steel  plate. 
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To  find  the  Talae  of  Ml  we  may  take  a  standard  case,  say 
{  plate,  II  rivetSy  2  inches  pitchy  1^^  space,  and  50  lbs.  per 
square  inch;  these  are  oonuuon  proportions,  and  haye  been 
proved  to  be  satisfactory  by  nniversal  experience. 

We  may  find  I^^  by  the  tqwxrt  of  the  square  of  that  number ; 
thus  1^^  =  1*723,  and  l-728>  =  2-969,  which  is  the  foorth 
power  of  l^ ;  then  the  mle  Ml  ==  S*  X  j'  -r  ^>  becomes  2- 969 
X  60 -7-  27  =  5-48,  say  5*6,  the  value  of  Ml- 

(49.)  Again :  to  find  S  for  say  150-lb.  steam  with  |-iiich  plate, 
the  role  (47)  becomes  S  -  yS-SlTi^^lSO  =  1-238,  or  say 
1|  inch.  For  example,  5*5  x  64  -r  150  =  2*35 ;  then  we  may 
obtain  the  4th  root  of  2*35  by  finding  the  square  root  of  the 

square    root    of   that   number:    thus    V2*35  =  1*533,  and 

V 1-533  =  1*238  inch  as  before,  this  being  the  4th  root  of 
2-35.  We  should  obtain  the  same  result  direct  by  the  use  of 
logarithms:  thus  the  log.  of  2*35  or  * 371068  -^  4  =  * 092767, 
the  natural  number  due  to  which  =  1  *  238  inch  as  before. 

Again :  to  find  p  for  say  ^  plate  with  f  rivets,  l-j^inch 
space,  therefore  j  +  1 A  =  2^^  pitch,  the  rule  (46)  gives  p  = 
6*5  X  3^'  -T-  lA'  =  8^1l>-  steam.  Thus  1^^  =  1*72,  and 
1*72"  =  2*96,  which  is  the  4th  power  of  l^V  Then  3|»  being 
=  42-87,  we  obtain  p  =  5*5  X  42*87 -^  2*96  =  80-lb.  steam 
as  before. 

The  London  and  North-Westem  Bailway  Co.  at  Grewe,  for 
their  4-foot  locomotive  boilers,  use  H-inch  plates,  }  rivets, 
IJ  pitch,  therefore  1-inch  space ;  then  p  =  5*5  x  3|'  -4- 1*  = 
189-lb.  steam ;  the  actual  ordinary  working  pressure  is  120  lbs. ; 
occasionally  150  lbs.  per  square  inch. 

(50.)  Table  13  has  been  calculated  by  rule  (46).  It  should 
be  understood  that  these  rules  are  approximate  only,  giying  a 
&ir  working  pressure.  Possibly  a  pressure  double  or  even 
treble  that  given  by  the  rule,  would  not  cause  the  joint  to  leak 
instantly,  but  in  all  probability  it  would  eventnally  do  so,  and 
as  it  is  essential  that  boilers  should  be  perfectly  steam-tight,  it 
will  be  advisable  that  the  working  pressure  i^ould  not  much 
exceed  those  given  by  the  rules,  and  Table  13.  When  a  steam 
joint  or  anything  else  is  overstrained,  failure  is  always  more  ot 
less  a  question  of  time. 
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Tablb  18.«>0f  the  Maximum  Pbessitbb  of  Steam  with  Pivetsd 
Joints,  as  governed  by  the  Space  between  Hivet-holes. 
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46 

(51.)  We  haye  admitted  in  (28)  tbat  the  diameter  of  the 
riyets  shall  be  goyerned  by  the  ihickness  of  the  plate  alone, 
irrespectiye  of  the  pressure  of  steam  or  other  considerations ; 
and  in  (44)  we  haye  allowed  that  the  space  between  riyet-holes 
(and  thereby  the  pitch  of  the  riyets)  shall  be  dominated  by 
the  pressure  of  the  steam.'  But  under  these  two  conditions 
it  is  impossible  to  secure  that  equality  between  the  shearing 
strain  on  the  riyets  and  the  tensile  strain  on  the  plate,  which  is 
an  essential  principle  in  riyeting,  as  shown  in  (29).  For 
instance,  in  Table  14,  the  pitch  is  allowed  to  be  the  same 
whether  the  joints  are  single  or  double-riyeted :  but  obyiously 
if  the  area  of  the  rivets  is  properly    proportioned   for  the 
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former,  ibey  mast  hkre  an  excess  of  streDgth  for  the  latter, 
because  in  one  case  each  space  is  matched  by  one  riyeti  and  in 
the  other  case  by  two. 

(52.)  This  anomaly  might  be  avoided  if  we  allow  thai  the 
diameter  may  be  yaried  so  as  to  adapt  it  to  the  strain,  irre- 
spectiye  of  the  mere  thiclcn^ss  of  the  plate.  Say  that  we  take 
^inch  plate  for  60-lb.  ste;im,  =  l|-inch  space  by  Table  14: 
then  the  area  of  plate  between  two  riyet-holes  =  If  X  ^  » 
'8125  sqnare  inch,  giving  in  a  single-riveted  joint  by  coL  7  of 
Table  6,  31110  X  *8125  =  27710  lbs.,  and  as  rivets  yield 
49  280  lbs.  per  sqnare  inch  (19),  we  have  27710  -r-  49280  = 
*  562  sqnare  inch  of  rivet  =  say  bare  }-inch  diameter,  agreeing 
nearly  with  coL  2  of  Table  6,  which  gives  -)-}  inch  diameter 
for  ^inch  plate,  showing  that  in  a  single-riveted  joiut  the 
principle  of  equality  between  the  strains  on  the  rivet  and  pUte 
is  complied  with. 

Bnt  with  donble-riveted  joints  we  have  two  rivets  to  each 
space,  and  41,800  lbs.  per  sqnare  inch  of  plate  by  coL  7  of 
Table  5:  then,  we  have  41800  x  "8125  =  83962  lbs.  from 
the  pkte  requiring  33962  -f-  49280  =  -689  sqnare  inch,  area  of 
two  rivets,  or  *  345  sqnare  inch  each,  =  say,  -^  inch  diameter, 
instead  of  {  inch,  as  for  single-riveting ;  bat  by  most  practical 
men  W  rivets  wonld  be  deemed  too  light  for  |«inch  plates. 

(53.)  Besides,  there  is  this  anomaly,  that  the  higher  the 
pressure  of  steam,  the  smaller  the  rivets  become,  this  being 
due  to  the  reduced  space  between  rivets.  Thus,  for  350-lb. 
steam,  and  ^inch  plates,  the  space  =  1  inch  by  Table  13, 
hence  1  x  ^  =  ^  square  inch  of  metal,  which  in  a  single-riveted 
joint  would  give  34100  x  i  =  17055  lbs.,  requiring  17055  -r- 
49280  =  *  346  square  inch  of  rivet  =  say  \\  inch  diameter  for 
350-lb.  steam,  whereas  for  50-lb.  steam  we  obtained  I  inch. 

These  calculated  proportions  are  no  doubt  correct  so  fiir 
as  the  strains  on  the  rivet  and  plate  are  concerned,  but  thero 
are  other  considerations  which  render  it  inexpedient  that 
they  should  be  followed,  and  we  must  admit  the  practical 
dictum  (28)  that  the  diameter  of  the  rivet  shall  b&  proportional 
to  the  thickness  of  the  plate,  as  given  by  the  rule  (27). 

(510  "  Space  between  Bivets  icith  Steel  Platesr—Bj  ooL  4  of 


iO  TBNSHiX  STRAIN.      THIN  PIPB8. 

Table  105,  steel  is  stiffer  than  wronght  iron,  the  differenoe  being 
15$5^13S6  =  1*18  or  13  per  cent.,  and  the  pressure  of 
steam  would  be  greater  in  that  ratio;  hence  the  rule  (46) 
becomes: — 

But  the  difference  of  18  per  cent,  is  so  small,  and  the  rule 
such  an  approximate  one,  that  we  maj  safely  admit  that  the 
working  pressure  with  steel  will  be  the  same  as  for  wrought 
iron  as  given  by  Tables  18,  &c. 


CHAPTER  III. 

OOHBSION  APPLIBD  TO   PIPES. 


(55.)  It  is  necessary  to  consider  this  subject  under  two 
dififerent  heads;  namely,  thin  and  thick  pipes;  the  former 
being  usually  of  wrought  sheet  metal,  such  as  ordinary  steam* 
boilers,  and  the  latter  of  cast  metals,  such  as  strong  water- 
pipes,  hydraulic-press  cylinders,  &c.  The  strains  in  these 
two  cases  differ  considerably  from  one  another,  the  latter  being 
much  more  complex  than  the  former. 

"  Thin  Tubes:'— Lei  Fig.  18  be  a  tube  1  inch  square,  and  for 
the  sake  of  illustration,  say  1  inch  deep,  subjected  to  an  internal 
fluid  pressure  of  100  lbs.  per  square  inch,  acting,  of  course,  in 
all  directions.  Now  the  surface  c,  d  having  an  area  of  1  square 
inch,  will  exert  a  force  of  ICO  lbs.  in  the  direction  of  the 
arrow  a,  and  will  be  resisted  by  a  similar  foroe  on  the  surface 
«,  /,  acting  in  the  direction  of  h;  hence  we  have  a  tensile 
strain  of  60  lbs.  on  each  of  the  sides  c,  e  and  d,  /,  tending  to 
produce  rupture  say  on  the  line  B,  B. 

(56.)  Let  Fig.  19  be  an  octagonal  tube  1  inch  inside,  and 
1  inch  deep  as  beforo :  we  have  first  to  find  the  dimensions 
of  the  sides  of  the  polygon.  The  half-ade  a,  6  is  evidently 
the  tangent  of  the  angle  a,  d,  6,  which  being  the  sixteenth 
part  of  the  circle  will  be  360 -M6  =  25"^:  then  by  any  table 
of  natural  tangents  we  find  that  with  radius  1  *  0,  the  tangent 
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of  25^  =  0*4142,  henoe  with  radius  j^,  as  in  our  case,  we  haye 
a,  &  s  0*2071,  and  a^  c  ^  0*4142  inch.  The  pressore  on  a,  e 
will  act  direct  as  a  tendency  to  raptnre  on  the  points  B,  B, 
the  force  being  0*4142  x  100  s  41*42  lbs.;  bat  the  pressoie 
on  e,  e  and  a,  g  will  act  obliquely.  Thus  the  strain  on  «,  e  will 
of  oonrse  be  41*42  lbs.,  as  on  a,  c,  but  it  will  act  in  the 
direction  of  the  arrow  x,  and  must  be  resolyed  into  two 
equivalent  forces,  one  in  the  direction  of  the  arrow  y,  which 
being  at  right  angles  to  B,  B,  will  tend  to  rapture  on  those 
points ;  the  other  in  the  direction  of  the  arrow  z  beiog  parallel 
to  B,  B  will  have  no  effect.  By  the  well-known  parallelogram 
of  forces,  Fig.  20  making  the  diagonal  D  =  41-42  lb&,  we 
have  two  eqaiyalent  strains,  the  direction  and  force  of  which 
are  given  by  the  two  sides  of  the  parallelogram  E,  F,  each 
29*29  lbs.,  F  being  a  direct  tensile  strain  on  the  points  B,  B 
in  Fig.  19.  Of  oonrse  the  side  a,  g  will  give  29*29  lbs.  also, 
and  the  oombined  strain  wHl  be  from  a,  ^  =  29  *  29 ;  a,  c  = 
41*42;  and  e,  e  =  29*29  lbs.,  or  29*29 -f  41*42  +  29-29  = 
100  lbs.,  being  precisely  the  sune  as  wiUi  the  tube,  Fig.  18, 
1  inch  square. 

Calculating  in  this  way  vrith  a  polygon  of  any  number  of 
sides  we  should  obtain  the  same  result,  and  a  circle  being 
regarded  as  a  polygon  with  an  infinite  number  of  sides,  we 
thus  find  that  the  strain  on  a  cylindi-ical  tube  is  the  same 
as  on  a  square  one  <tf  the  same  dimensions.  From  this  it 
follows  that  the  strength  of  a  cylinder  of  thin  plate,  such  as 
an  ordinary  boiler,  is  simply  and  directly  proportional  to  the 
thickness,  and  inversely  as  the  diameter. 

(57.)  "  Lap- welded  Tubes.*" — Say  that  we  require  the  strength 
of  a  smiill  boiler  24  indies  « i  meter,  ^-inch  plate,  with 
welded  joint,  made  of  Staffordshire  plates  whose  tensile 
strength,  namely,  tbat  of  a  solid  plate,  is  20  tons  per  square 
inch.  By  Mr.  Bertram's  experiments  at  Woolwich  the  strength 
of  a  lap-welded  joint  may  be  taken  at  65  per  cent,  of  that 
of  the  solid  plate :  hence  20  x  *  65  =  13  tons,  or  29,120  lbs. 
per  square  inch.  In  our  case  rapture  eti-ains  ^  a  square  inch 
(or  i  inch  at  each  side) ;  hence  29120  X  ^  ==  14560  lbs.,  which 
on  21  inches  gives    14560 -i- 24  s  607   lbs.  per  square  inch 
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bursting  pressure;  with  6  for  the  Factor  of  safety  (78)  we 
obtain  607  -f-  6  =  say  100  lbs.  per  sqnare  incb,  safe  or  working 
pressure.     From  tbis  we  have  the  general  rules  : — 

(58.)  For  welded  boilers :  P  =  58200  xi-r-d. 

(59.)  „        «  «         p=9700x<-^i 

In  wbicb  t  =  thickness  of  plate  in  inches ;  d  =  inside  diameter 
in  inches ;  P  =  the  bursting  pressure,  and  p  =  the  safe  working 
pressure  in  lbs.  per  square  inch :  thus  for  the  24-inch  boiler 
we  have  considered,  the  rule  gives  9700  x  J  -r  24  =  101,  say 
100  lbs.  per  square  inch  working  pressure,  as  before. 

(60.)  ^*  Steam-boilers  with  Bireted  JaintsJ* — Staffordshire  plates 
are  now  so  extensively  used  for  boilers,  that  it  will  be  expedient 
to  take  them  as  a  basis  for  general  rules,  although,  as  shown  by 
Table  5,  their  strength  is  inferior  to  the  mean  of  British  plate- 
iron,  and  still  more  inferior  to  Yorkshire  iron. 

We  have  shown  in  (44)  that  the  pitch  of  rivets,  and  thereby 
the  general  proportions  of  joints  in  steam-boilers,  is  governed 
by  the  pressure  of  steam  as  affecting  the  tendency  to  leakage, 
irrespective  of  strength  to  resist  bursting. 

(61.)  For  the  purpose  of  fixing  general  proportions,  we  may 
take  as  a  ''  standard  "  case  the  working  pressure  of  50  lbs.  per 
square  inch,  the  proportions  due  to  which  will  suffice  for  all 
lower  pressures ;  and  also  with  sufficient  accuracy  for  practical 
purposes  up  to  say  70  or  80  lbs.  per  square  inch.  The  propor- 
tions for  higher  pressures  should  be  found  by  special  calcula- 
tion (68)  (76). 

We  have  first  to  find  the  space  between  rivet-holes  with 
the  different  thicknesses  of  plate  for  50-lb.  steam  by  Table 
13 ;  taking  the  nearest  pressures  in  that  Table  we  obtain 
col.  6  in  Table  14.  Thus,  for  f-inch  plate  we  have  for  50-lb. 
steam  the  space  s  1-^ ;  Table  14  gives  4^  rivets,  as  in  poL  8 ; 
hence  the  pitch  s  1^  ^  j^  =  2  inches,  coL  4 ;  the  ratio  of 
the  metal  between  holes  to  the  solid  part  of  the  plate  =  1^  -^ 
2,  or  21  -r-  32  =  *  656,  as  in  col.  7.  The  apparent  strength  in 
single-riveted  joints  of  Staffordshire  plates  being  34,110  lbs.  per 
square  inch  by  col.  7  of  Table  5,  that  on  the  solid  part  of  the 
plate  =  34110  x  '656  =  22380  lbs.,  as  in  col.  8  of  Table  14. 


•TEAK-::oiLaBa  with  riteibd  toima. 


f 

i 

III 

f~.~. ;.._.---.. 

1 

i 

rsss'.srs-s^rr  g 

i 

f 

tiu 

---^=:.„-»=r„-„-.  S 

i 

pi 

11 

E5Si|SlliO.  g 

i 

asaaasisisiaiia  " 

"1 

iMi 

i  i  i  i  i  S  S  1  S  i  ^  e 

i 

If 

1 

11 

BSBSSSSSSKiS    g 

44  BULS8  rOB  8TBKNGTH  OV  B0ILBB8. 

With  double-riveted  joints,  the  apparent  strength  of  meUl 
between  riTet-holes  =  41,800  lbs.  by  col.  7  of  Table  5,  hence 
the  strain  on  the  solid  part  of  the  plate  =  41800  x  *656  = 
27420  lbs.  per  square  inch ;  ool.  9.  Calculating  in  this 
manner,  we  have  obtained  the  general  proportions  in  Table  14. 

(62.)  The  mean  strain  on  the  solid  part  of  the  plate,  when 
the  metal  between  the  rivet-holes  is  breaking,  is  with  single- 
riveted  joints  22,380  lbs.,  or  saj  10  tons,  as  in  col.  8,  and  for 
double-riveted  joints  =  27,420  lbs. :  col.  9. 

^General  Bules,'* — We  may  now  apply  these  results  to 
practice,  and  may  take  for  illustration  a  48-inch  boiler  with 
{-inch  plate,  and  for  the  purposes  of  calculation  say  1  inch 
long.  Now  as  we  have  |  X  1  inch  cU  each  side,  this  is  evidently 
equal  to  }  square  inch  area  of  metal  taken  through  the  solid 
part  of  the  plate,  the  reduced  resistance  of  which  in  a  single- 
riveted  joint  =  22400  X  |  =  16800  lbs :  this  is  the  total  strain 
on  the  whole  surface  with  which  the  boiler  would  burst, 
which  being  spread  over  the  diameter  (56),  or  48  inches,  gives 
16800-7-^8  =  850  lbs.  per  square  inch  bursting  pressure. 
Hence  we  have  the  rules : — 

(63.)        For  single-riveted  joints :  P  =  44800  xt-i-d. 

(64.)  „  „  „         i>r=7466x<-^A 

In  which  i  s  the  thickness  of  plate  in  inches ;  d  =  inside 
diameter  in  inches ;  P  =  the  bursting  pressure,  and  p  =  the 
safe  working  pressure  in  lbs.  per  square  inch : — thus  in  our 
case,  P  =  44800  X  i -r  ^8  =  350  lbs.  per  square  inch  as 
before. 

With  double-riveted  joints,  the  mean  reduced  strain  on  the 
solid  part  of  the  plate  =  27,420  lbs.  per  square  inch,  col.  9  of 
Table  14,  or  in  our  case  27420  X  }  =  20565  lbs.  total  bursting 
pressure  on  a  circle  48  inches  diameter,  or  20565  -^  48  a 
428  lbs.  per  square  inch  :  hence  we  have  the  rules  : — 

(65.)         For  double-riveted  joints :  P  »  54840  xt-^d. 
(66.)  „  „  tf       p^9U0xt^d. 

Thus  in  our  case,  P  «  54840  X  i  -r  48  =  428  lbs.  per  square 
inch  bursting  pressure* 


TABUC  OF  TOK  STSUOTB  OT  BOILEBI.  io 
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(67.)  By  these  rules.  Table  15  has  been  calcnlaied  for  the 
bursting  and  safe  working  pressures :  the  former  will  enable 
the  engineer  to  select  a  factor  of  safety  to  suit  his  case  and  to 
satisfy  his  judgment.  For  ordinary  cases  and  moderate  pres- 
sures Factor  6  should  be  used  as  in  Table  15 ;  but  for  very 
high  pressures  that  factor  would  lead  to  excessive  and  almost 
impracticable  thicknesses,  and  it  beoomes  necessary  to  upe  a 
lower  one,  the  risk  being  of  course  proportionally  increased  (78). 

(68.)  "  Boilers  for  very  high  Pre««*re»."-- Tables  14,  15  are 
strictly  adapted  for  50-lb.  steam  only,  but  may  be  used  for 
higher  pressures  up  to  say  80  lbs.  For  h^'gher  pressures  the 
proportions  of  the  joints  should  be  specially  calculated  in  the 
manner  illustrated  in  (61). 

Say  that  we  take  the  case  of  a  boiler  27  inches  internal 
diameter,  for  SOO-lb.  steam,  this  being  the  working  pressure  : 
for  so  high  a  pressure  we  may  take  the  &ctor  of  safety  at  4 
(78).  We  will  assume  that  the  thickness  shall  be  4^  and 
double-riveted :  then,  by  Table  13,  the  space  between  rivets  = 
1-^  inch,  and  the  diameter  of  the  rivets  by  col.  8  of  Table  14 
=  1^  inch:  hence  the  pitch  =  1-^^  -f.  1^^  =  2| ;  the  ratio  of 
the  area  of  the  punched  plate  to  that  of  the  solid  plate  s 
1^  ^  2f ,  or  21  -4-  88  =  -553.  The  apparent  strength  of  the 
metal  between  rivet-holes  in  a  double-riveted  joint  of  Stafford* 
shire  iron  =  41,800  lbs.  by  ooL  7  of  Table  5,  hence  we  have 
41800  X  '533  =  23115  lbs.  per  square  inch  on  the  solid  part 
of  the  plate,  and  as  we  have  If  square  inch  of  metal  per  incli 
run  (or  f^  at  each  side)  we  obtain  23115  X  If  =  31783  lbs. 
bursting  strain,  or  that  on  the  whole  of  the  internal  surface  of 
the  27-inch  boiler,  or  81783  -4-  27  =  1177  lbs.  per  square  inch ; 
then  with  Factor  4,  we  have  1177  -f-  4  =  294  lbs.  safe  working 
pressure  per  square  inch,  which  is  very  nearly  the  actual 
pressure  required,  or  300  lbs. 

(69.)  We  may  now  show  the  effect  of  erroneously  calculating 
this  boiler  by  tiie  general  Table  15,  or  rather  by  the  rule  (65) 
on  which  that  Table  is  based,  that  rule  and  table  being 
strictly  correct  for  pressures  of  about  50  lbs.  only  (61).  In  our 
case  the  rule  becomes  54840  x  ^i-r-^l  -  1897  lbs.  per  square 
inch  bursting  pressure.     But  by  the  correct  calculation  (68)  wo 
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obtained  1177  lbs.  only,  the  difference  being  1397 -f>  1177  s 
1  *  19,  or  19  per  cent. ;  this  differenoe  is  doe  to  the  circnmstanoe 
that  to  aToid  leakage  with  so  great  a  presBore  as  300  lbs.,  the 
pitch  of  the  riyets  was  reduced,  with  the  result  that  the  ratio  of 
the  metal  between  holes  to  the  solid  plate  became  '653  with 
800-lb.  steam,  instead  of  *  653  as  for  50-lb.  steam,  by  col.  7  of 
Table  14.  It  should  be  observed  that  both  results  are  equally 
correct  so  far  as  the  bnrsting  strains  only  are  concerned  ;  the 
danger  would  be,  that  the  joints  having  the  pitch  of  rivets,  Ac^ 
adapted  for  50-lb.  steam  as  given  by  Table  13,  would  in  all 
probability  leak  more  or  less  with  300  lbs.,  and  in  order  to 
avoid  that  contingency  it  is  expedient  to  sacrifice  the  19  per 
cent,  of  strength  involved  in  the  casa 

(70.)  For  such  very  high  pressures  it  would  be  prudent  and 
perhaps  commercially  economical  to  use  the  best  Yorkshire  iron, 
which,  as  shown  by  (24),  has  25  *  6  per  cent  greater  strength 
than  Staffordshire.  Say  for  our  27-inch  boiler  and  300-lb. 
strain,  we  assume  the  thickness  of  Yorkshire  plate  at  -f^  inch, 
for  which  Table  14  gives  |-inch  rivets,  and  Table  13,  l|-inch 
space;  hence  the  pitch  s  |  -f  1^  s=  2  inches;  the  ratio  of 
punched  to  solid  plute  =  1^  -^  2,  or  9  -r-  16  =  *  563.  The  ap- 
parent strength  of  metal  between  rivet-holes  in  double-riveted 
joints  of  Yorkshire  iron  =  52,503  lbs.  per  square  inch  by 
col.  8  of  Table  5;  hence  52503  x  *563  =  29592  lbs.  per 
square  inch  on  the  solid  part  of  the  plate,  and  as  we  have 
l\  square  inch  of  metal  per  inch  run  (namely  -^  at  each  side), 
we  obtain  29592  x  H  =  33291  lbs.  the  bursting  strain,  or 
that  on  the  whole  of  the  internal  snrface  of  the  27-inch  boiler, 
or  33291  -f-  27  *=  1233  Iba  per  square  inch.  Then  with 
Factor  4  we  have  1233  -4-  4  s  308  lbs.  per  square  inch  safe 
working  pressure  :  by  substituting  Yorkshire  plates  for  Stafford- 
shire we  have  thus  reduced  the  thickness  from  44  ^  i%  ^^^  ^® 
weight  from  1-0  to  9  -f- 11  =  -82,  or  100  -  82  =  18  per  cent. 
The  effect  of  substituting  steel  for  wrought-iron  plate  is  shown 
by  (76). 

(71.)  "  Longitudinal  Strain  on  BoHertT — There  are  two  dis- 
tinct strains  to  which  an  ordinary  cylindrical  boiler  is  subjected, 
o&ie  acting  circumferentially  and  the  other  longitudinally :  tho 
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former  alone  is  considered  in  the  yarious  mles  and  tables 
we  have  so  far  given;  we  have  now  to  investigate  the 
latter. 

Say  we  take  a  plain  cylindrical  boiler  with  either  hemi- 
spherical or  flat  ends,  bnt  without  any  internal  flue,  f  inch 
thick,  48  inches  internal,  therefore  48 1  inches  external 
diameter.  Taking  the  apparent  strength  of  single-rivetoil 
Staffordshire  plates  at  22,400  lbs.  per  square  inch  on  the  solid 
part  of  the  plate,  as  in  ool.  8  of  Table  14  and  (62),  the  bursting 
pressure  circumferentially  m  22400  x  f  X  2  -4-  48  =  350  lbs, 
per  square  inch,  or  the  same  as  given  by  Table  15. 

To  find  the  strain  on  the  two  ends  we  have  the  area  of  48|  s 
1868,  and  of  48  =  1809;  hence  the  area  of  the  annnlus 
=  1868  —  1809  =  59  square  inches,  giving  a  total  pressure  of 
22400  X  59  s  1321600  lbs.  on  the  ends,  and  the  internal 
area  being  1809,  we  have  1321600  -4- 1809  =  730  lbs.  per  square 
inch  bursting  pressure  longitudinally,  or  about  dotible  the 
circumferential  bursting  pressure,  which  we  found  to  be  350  lbs. 

Applying  this  reasoning  to  other  diameters  and  thicknesses, 
it  will  be  found  that  the  ratio  between  the  two  strains  is  oon* 
stant  for  all  sizes;  hence  when  a  boiler  is  on  the  point  of 
rupture  circumferentially  with  the  pressure  given  by  the  rules 
in  this  work,  the  longitudinal  strain  is  only  half  the  breaking 
weight  in  that  direction* 

In  an  ordinary  Oonush  boiler  with  one  or  two  internal  flues 
the  longitudinal  bursting  pressure  will  be  still  greater,  the  fluea 
a<lding  greatly  to  the  strength. 

(72.)  It  is  shown  in  (62)  that  with  a  single-riveted  joint  the 
strain  on  the  solid  part  of  the  plate,  when  the  joint  is  breaking 
through  the  rivet-holes,  is  10  tons  only,  or  half  the  normal 
strength  of  the  iron,  so  that  half  the  strength  is  lost.  In  order 
to  avoid  this  loss,  it  has  been  proposed  to  roll  the  plates  with 
extra  thickness  at  the  edges,  as  in  Fig.  21 :  for  example,  if  the 
thickness  of  the  body  of  the  plate  at  A  is  half  tbat  at  the  edge  B, 
then  when  the  metal  between  rivet-holes  is  breaking,  the  strain 
at  A  would  become  20  tons  per  square  inch,  and  the  full 
strength  of  the  iron  woild  be  utilised.  Hero,  however,  a  diffi- 
culty seems  to  arise  :  the  extra  thickness  at  the  edges  could  be 
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eecnted  ia  one  direetion  only,  it  being  impracticable  to  roll  a 
plate  with  thick  edgee  aU  round.  By  a  remarkable  coincideDC<^, 
however,  the  longitudinal  strain  is  half  only  of  the  oironm- 
ferential  (71) ;  hence  only  half  th  e  thickness  of  plate  would  l*e 
required  in  that  direction.  Thus,  taking  the  example  of  the 
48-inch  boQer,  with  f  plates  in  (71),  we  fonnd  tiie  bursting 
pressure  oircumferentially  =  850  lbs.  per  square  inch.  Now, 
reducing  the  thickness  of  the  body  of  the  plate  to  -^^  inch,  then 
the  area  of  48f  =  1888,  and  of  48  inch  »  1809 ;  hence  the  area 
of  the  annulus  s  1838  —  1809  s  29  square  inches,  giving 
22400  X  29  =  649600  lbs.  total  pressure  or  649600  -4- 1809  = 
859  lbs.  per  Rquare  inch  longitudinally,  being  practically  tbe 
same  as  the  other.  We  thus  obtain  equality  of  strength  in  both 
directions,  and  a  Yerj  oonsiderable  economy  of  material :  it 
would,  however,  be  inexpedient  in  most  cases  to  carry  this  out 
literally  for  practical  reasons;  a  -i^  plate  would  leave  little 
margin  for  rust,  &o,;  moreover,  the  boiler  would  probably 
become  deformed  by  its  own  weight  and  that  of  the  water. 
Perhaps  ^  inch  in  the  body  of  the  plate  and  ^  inch  at  the 
margin  is  the  limit  safely  permissible  in  such  a  case. 

^  Qumet-itay** — ^The  longitudinal  pressure  in  a  boiler  creates 
a  heavy  strain  cm  the  ends,  and  where  those  ends  are  flat,  as 
they  usually  are  in  ordinary  Cornish  boilers,  they  require  to  be 
strengthened  by  gusset  or  other  stays.  This  is  quite  a  practical 
question,  and  may  in  most  cases  be  left  to  the  judgment  of  the 
boiler  maker. 

8TBSL  BOILEBS. 

(78.)  ''Steam-boiler  JakU$for  Steel  Plaiet."— To  obtain  general 
rules  for  steel  boilers  it  will  be  well  to  take  a  moderately  high 
pressure,  say  100  lbs.  per  square  inch,  which  will  serve  for  alL 
lower  pressures,  and  sufficiently  well  for  higher  ones,  say  up  to 
150  lbs. 

Taking  |-inch  plate  for  48-inch  boiler,  the  rivets  =  4i  ^^^^ 
diameter  by  col.  8  of  Table  14,  the  space  between  rivet-holes 
for  1004b.  steam  s  say  l-i^  by  Table  18 ;  hence  the  pitch 
cs  4^  +  1^  s  1|  inch :  the  ratio  of  the  metal  between  holes 
to  the  solid  part  of  the  pkte  «  li^ -r  If,  or  17 -^  28  =  -607. 
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Table  16.— Of  the  Pkoportionb  of  Double-bivetbd  Joints  in 
Akkealed  Steel  Plates  for  Bteam-boilebs  with  about  100-lb. 
Steam. 
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The  apparent  strength  of  the  metal  between  riyet-holes  in  steel 
joints  =  91,840  lbs.  per  eqnare  inch  by  (41);  hence  we  haye 
91840  X  *  607  =  55747  lbs.  per  square  inch  on  the  solid  part  of 
the  plate,  and  as  we  haye  f  square  inch  of  metal  per  indi  rnn 
(or  I  on  each  side)  we  obtain  55747  X  |  =  41800  lbs.  on  the 
whole  area,  or  41800  -h  48  =  871  lbs.  per  square  inch  bursting 
pressure.  With  6  for  the  factor  of  safety  (78)  we  have  871  -7-  6 
=  145  lbs.  per  square  inch  working  pressure.  Calculating  in 
this  way  we  have  obtained  Table  16 :  the  mean  strain  in  col.  7 
s=  57,000  lbs.  per  square  inch.  Hence  for  double-riveted  steel 
boilers  with  annealed  plates  we  have  the  general  rules : — 

'     (74.)  P=  114000  x<-T- A 

(75.)  p  =  19000  Xt-T-d. 

In  which  t  =  the  thickness  of  plate  in  inches;  d  »  inside 
diameter  in  inches;  P  s  the  bursting,  and  p  =  the  safe 
working  pressure  in  lbs.  per  square  inch.  Thus  in  our  case 
P  s  114000  X  J  -r  48  =  S90  lbs.;  and  p  =  19000  x  S  -r  48 
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c  148  lbs.  per  square  inch.  The  general  Table  17  has  been 
calculated  by  these  rules,  and  will  apply  for  all  ordinary  pres- 
sures, not  exceeding  say  100  to  150  lbs.  steam :  for  higher 
pressures  the  case  should  be  specially  calculated. 

(76.)  ^^  Steel  Boilenfor  extreme  Preswrea.*' — As  an  illustra- 
tion of  an  extreme  case,  say  that  we  require  a  steam-boiler 
27  inches  diameter  for  a  working  pressure  of  450  lbs.  per  square 
inch :  we  will  assume  ^inch  plates  and  \%  rivets  as  per  col.  2 
of  Table  16.    Then  by  Table  13  the  spaoe  between  rivet-holes 

s  44 :  hence  the  pitch  =  if  +  if  =  ^f  ^°^^  •  ^®  ^^^^  ^^  ^^^ 
metal   between   rivet-holes   to   the   solid   part  of  the   plate 

-  ^  ^  1|  or  15  -7-  28  =  *636 ;  and  the  apparent  strength  of 
metol  between  holes  in  a  steel  joint  being  91,840  lbs.  per  square 
inch  (41),  we  have  91840  x  '  536  =  49220  lbs.  per  square  inch 
on  the  solid  part  of  the  plate.  We  have  1  square  inch  of  metal 
per  inch  run  of  solid  plate  (or  ^  inch  at  each  side),  hence  we 
obtain  49220  X  1  =  49220  lbs.  on  the  whole  of  the  diameter, 
or  49220  -^  27  =  1823  lbs.  per  square  inch  bursting  pressure. 
Taking  4  for  the  value  of  the  factor  of  safety  (78),  we  have 
1823  -^  4  s  456  lbs.  per  square  inch  safe  or  working  pressure, 
or  nearly  450  lbs.,  as  required. 

Now,  if  we  had  attempted  to  solve  this  question  by  Table  16, 
which  is  strictly  adapted  for  100-lb.  steam  only,  coL  7  gives  for 
^inch  plate  57770  -4-  (27  X  4)  s  535  lbs.  per  square  inch 
working  pressure,  instead  of  456  lbs.  Both  results,  however, 
are  equally  correct  so  far  as  ihe  strain  on  the  metal  is  con- 
cerned ;  but  then  the  joint  whose  pitch,  &o.,  was  adapted  for 
100-lb.  steam  would  most  likely  leak  sooner  or  later  with 
450  lbs. 

(77.)  *'  LimUaiion$'* — In  applying  these  rales  and  tables  for 
tcry  low  pressures,  it  will  be  found  that  the  thicknesses  come 
out  much  too  light  to  satisfy  practical  considerations,  although 
undoubtedly  sufficient  to  resist  the  internal  pressure.  For 
example,  with  a  boiler  6|-  feet  or  78  inches  diameter  and  a 
pressure  of  6  lbs.  per  square  inch,  the  rule  (64)  gives  a  thickness 
of  6  X  78  -r  7466  =  '0626,  or  ^  inch  only,  which  obviously  is 
excessively  too  light ;  in  fact,  if  it  were  possible  to  construct  the 
boiler  with  that  thickness  it  would  not  be  able  to  sustain  its 
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own  weight  and  that  of  the  water  contained  by  it  The  roles 
have,  therefore,  certain  limitations:  in  the  first  place,  we 
should  not  nsiullj  make  nse  of  plates  less  than  -f^  inch  thick 
for  steam-boiler  work,  whatever  the  pressure  or  diameter;  and^ 
secondly,  with  thicknesses  of 

the  diameters  should  not  in  or  Hoary  cases  exceed 

4  5  6  7  8  feet, 

the  corresponding  working  p  e   uros  being 

29  81  32  83  84  lbs« 

per  square  inch,  as  per  Table  15,  which  is  carried  out  in  accord- 
ance with  these  limitations.  Thus  for  our  6^foot  boiler  the 
thickness  would  be  between  -^  and  f  inch ;  -^  would  suffice 
for  such  a  case,  and  this,  it  should  be  observed,  is  five  times  the 
theoretical  thickness  necessary  for  the  pressure. 

(78.)  "  Factor  of  Safety  for  Boilers:'— li  is  Aown  in  (886) 
that  with  ordinary  structures  of  wrought  iron  and  steel  the 
&ctor  of  safety  for  dead  loads  may  be  3,  and  there  appears  to 
be  no  good  reason  why  that  factor  should  not  suffice  for  new 
boilers  constructed  on  sound  principles.  Bat  boilers  are  subject 
to  great  deterioration  from  corrosion,  &c.,  and  for  that  reason, 
perhaps,  the  factor  used  by  Mr.  Fairbaim  and  most  practical 
men  is  6,  and  this  value  is  admitted  in  Table  15,  &a,  and  should 
be  followed  for  ordinary  cases  and  moderate  pressures  of  steam. 
But  with  Factor  6  the  thicknesses  for  very  high  pressures  come 
out  excessive  and  almost  impracticable,  aiid  engineers  have  been 
compelled  to  use  a  lower  factor,  and  they  do  so  apparently  with 
safety.  Thus  the  L.  &N.  W.  Bail  way  Go.  at  their  Crewe  works 
use  best  Yorkshire  plates  ^  inch  tiiick  for  4-foot  locomotive 
boilers,  with  single-riveted  joints,  f  rivets.  If  pitch,  therefore 
1  inch  between  rivets.  By  Mr.  Fairbairn's  experiments  in 
coL  8  of  Table  5,  Yorkshire  plates  in  sinjle-riveted  joints 
break  with  42,847  lbs.  per  square  inch  of  metal  between  rivets 
hoU$ ;  hence  we  have  42847  x  M  X  1  -4- 1|  =  ^^^^  ^bs.  per 
inch  run  of  joint,  or  19,892  lbs.  on  the  two  sides.  With  a 
boiler  48  inches  diameter  we  have  19892  -r  48  -  414  lbs.  per 
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Bqnare  inch  burBting  preesure  of  steam,  and  tbe  ordinary  working 
pressure  being  120  lbs.,  tbe  factor  is  414  -r- 120  s  8*45  :  occa- 
sionally tbo  pressure  is  150  Ibs.^  or  even  more,  and  tbe  ia^tov 
becomes  414 -f*  150  =s  2-76. 

From  all  tbis  we  may  admit  tbat  in  ordinary  cases  tbe  fSftctor 
sbould  be  6,  but  for  exceptional  cases  it  may  be  4,  as  in  (68), 
dec,  or  even  8  with  comparatively  new  and  sound  boilers :  but 
tbis  is  a  matter  wbicb  must  be  left  to  tbe  judgment  of  tbe 


engineer. 
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(79.)  Tbe  strength  of  a  pipe  in  resisfcing  internal  pressure  is^ 
not  simply  proportional  to  tbe  thickness  of  tbe  metal;  the 
material  stretches  under  a  tensile  strain,  the  result  being  tbat 
the  metal  inside  is  more  strained  than  that  outside,  and  tbat  thick 
pipes  are  weaker  in  proportion  to  their  thickness  than  thin 
ones. 

To  illustrate  this,  let  Fig.  22  be  a  lO-inch  pipe,  5  inches  thick, 
therefore  20  inches  outside,  and  let  an  internal  pressure  be 
exerted  until  tbe  inside  diameter  becomes  10|^  inches :  now  if 
the  metal  at  A  were  strained  in  the  same  proportion  as  at  B,  it 
would  be  extended  or  stretched  in  tbe  same  proportion,  and  the 
outside  diameter  would  become  20^  inches.  But  obviously  the 
cross-sectional  area  must  be  the  same  in  all  cases,  20  inches 
being  =  814*16,  and  10  inches  =  78*54,  tbe  area  of  the 
annulus  must  be  814*16  —  78*54  =  235*62  square  inches, 
therefore  the  outside  diameter  in  Fig.  28  will  be  found  by 
adding  the  area  of  10|,  or  80*  516  to  235*  62,  and  we  thus  obtain 
80*516  +  235*62  =  816*186,  the  diameter  due  to  which 
=  20^ff  inches  instead  of  20|  inches,  and  if  we  admit  that  the 
strains  are  proportional  to  the  extensions,  the  metal  at  A  is 
strained  to  ^  only  of  tbat  at  B :  for  instance,  if  the  strain  at 
B  =  4  tons  per  square  inch,  tbat  at  A  will  be  1  ton  only,  and 
between  A  and  B  we  have  an  infinite  series  of  strains  progres- 
sively diminishing  from  4  to  1  ton  per  square  inch. 

(80.)  It  will  ;iow  be  seen  that  the  strain  is  inversely  pro* 
portional  to  the  s^^re  of  the  distance  from  the  centre  i  in  our 
case  the  strain  at  B  being  4,  that  at  A  will  be  4  x  5''-r  10* 
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*  1  ton,  &C.  Let  Fig.  24  be  the  section  of  a  lO-inch  pipe  with 
▼arious  thicknesses  up  to  10  inches;  we  will  assume  that  the 
strain  at  0,  where  it  is  a  maximam,  is  7  tons  per  sqoare  inch,  this 
being  nearly  the  breaking  weight  for  ordinary  cast  iron  (4),  the 
extension  due  to  which  by  rule  (605)  is  :^ 

E  =  (-00015  X  7)  +  (-0000122  X  7^  =  -0016487. 

This  being  at  5  inches  from  the  centre,  that  at  D,  or  6  inches, 
wUl  be  -0016487  x  5'  -^  6'  =  *  001144,  the  strain  due  to  which 
by  the  rule  (606)  becomes : — 

W  *=  jl^?^^  +  37-8j>/- 6-16  =  5-32  tons 
(-0000122  J 

per  square  inch,  as  per  col.  8  of  Table  18 ;  hence  the  mean  strain 
on  the  ring  A  is  (7  +  5*82)  -r  2  =  6*16  tons  as  in  col.  4,  and 
as  we  have  2  square  inches  of  metal  per  inch  run  (namely  1  inch 
at  each  side)  we  obtain  6*  16  x  2  =  12*32  ton  bursting  pressure 
on  the  whole  diameter,  or  12*32  -f- 10  =  1*232  ton  per  square 
inch  as  in  ooL  5.  Oalculating  in  this  way  we  obtain  the  strains 
and  pressures  in  cols.  4,  5  of  Table  18 :  thus  for  10-inch  pipes, 

6  inches  thick,  the  mean  strain  throughout  the  section  becomes 

(616  +  4-75  +  8-775  +  3*07  +  2-54W 5  =  4*059  tons 

per  square  inch  of  metal  as  in  col.  4.  Then  as  we  have  10  square 
inches  of  metal  per  inch  run  (or  5  inches  at  each  side)  we  have 
4  *  059  X  10  =  40  *  59  tons  on  the  whole  diameter,  or  40  *  59  -4- 10 
ss  4*059  tons  internal  pressure  per  square  inch,  coL  5«  If  the 
whole  cross-sectional  area  had  yielded  the  maximum  strain  of 

7  tons  per  square  inch,  we  should  have  had  7  x  10  =  70  tons 
on  the  whole  diameter,  or  70  -4-  10  =  7  tons  pressure  per  square 
inch  instead  of  4* 059  as  per  col.  5. 

We  should  obtain  nearly  the  same  results  by  the  following 
rules: — 


(81.)  i,  =  _^v__^/. 

(82.)  g.t><^^+l3. 
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In  which  p  =  the  internal  presstire  per  flqnare  inch  in  tona^ 

IbB.,  &c.,  dependent  on  the  yalne  of  8. 
S  s  the  maximnm  tensile   strain,  or  that  at  the 
inside  of  the  pipe,  in  tons,  lbs.,  &c.,  per 
sqnare  inch. 
B  =  the  external,  and  r  »  the  internal  radius  of  the 
pipe  in  inches. 

Thus  for  example,  with  a  10-inch  pipe  5  inches  thi<  k,  B  =  10, 
and  r  =  5  inches :  taking  S  s  7  tons,  which  is  nearly  the  ulti- 
mate or  breaking  tensile  strength  of  ordinary  cast  iron,  we  get 

7  X  (10*  —  5*) 
p  =  — im  J,  fi« —    "  ^'^  *^°®  P^'  square  inch:  calculating 

in  this  way  we  obtain  col.  6  of  Table  18. 

Again :  say  that  with  a  cylinder  12  inches  bore,  5  inches  thick, 

and  an  internal  pressure  of  2  tons  per  square  inch,  we  require 

the  maximum  strain  on  the  metal  or  that  at  the  inside  of  the 

cylinder.       Then    B    being    11,  r  =  6,  rule    (82)    becomes 

2  y  (11*  4-  6*^ 
8  =  — 118  _  fit — ■  *  ^'"^  *^^  V^  square  inch  of  metaL 

(83.)  The  ordinary  proportions  adopted  almost  uniyersally  by 
practical  engineers  for  hydraulic-press  cylinders,  is  to  make  the 
thickness  equal  to  the  internal  radius,  and  it  is  supposed  that 
those  proportions  will  allow  a  working  pressure  of  4  tons  per 
square  inch,  or  say  8  tons  per  circular  inch.  But  Table  18  shows 
by  cols.  5  or  6,  that  with  ordinary  cast  iron  these  are  really 
bursting  pressures.  It  is  shown  in  (888)  that  cast  iron  will 
sustain  for  years  a  strain  very  nearly  equal  to  the  breaking 
weight,  but  it  is  not  safe  to  trust  to  that  fact,  and  in  most  cases 
the  working  pressure  should  not  exceed  say  half  the  ultimate 
pressure,  or  in  our  case  2  tons  per  square  inch  with  ordinary 
iron.  Many  presses,  however,  may  be  found  which  seem  to  bear 
much  heavier  pressures  than  that  as  shown  by  the  safety-valve, 
but  as  usually  constructed  a  safety-valve  is  a  very  unreliable 
indicator  of  pressure,  the  breadth  of  the  conical  seat  being  great, 
and  the  acting  or  effective  area  uncertain.  A  better  form  is  shown 
by  Fig.  202 :  the  valve  Y  is  of  hardened  steel  formed  like  a 
hollow  punch,  the  cutting  edge  imbeds  itself  in  the  hard  gun- 
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metal  seat  and  forms  it  own  bed,  giving  a  precise  area,  and 
thereby  a  certain  pressure.  Thus  for  |  inch  diameter,  the  area 
«=  *  11  inch,  requiring  for  say  1  ton  per  square  inch  2240  x  '  11 
s  246  lbs.  strain,  and  with  a  leverage  of  say  20  tc  1,  we  have 
246  -I-  20  =  12*8  lbs.  weight  on  the  lever  per  ton  pressure. 
The  knife-edges  at  A  and  B,  also  the  key  E  must  be  of  hardened 
steel,  and  in  order  to  adjust  the  level  of  the  lever  and  com- 
pensate for  wear  (which  is  a  practical  necessity)  the  upper  edge 
of  the  key  should  be  wedgeHshaped,  and  at  an  angle  adapted  to 
its  seat  in  the  Blotted  recess  prepared  for  it. 

(84.)  The  actual  load  on  the  ram  of  a  hydraulic  press  is  not 
often  known  with  accuracy,  but  in  the  presses  used  for  raising 
the  Oonway  and  Britannia  bridges  we  have  more  precise  in- 
formation. For  the  Conway  tube,  a  ram  18 1  inches  diameter, 
or  254  square  inches  area,  was  used  at  each  end ;  the  gross 
weight  of  the  tube,  <&o.,  was  about  1300  tons,  or  650  tons  at  each 
end:  hence  we  have  650  4-254  =  2*56  tons  per  square  inch. 
The  cylinder  was  20  inches  diameter  internally,  and  8i  inches 
thick :    hence  B  =  18|,   r  =  10,  and    the   rule  (82)    gives 

S  =  — -^ — i—^t 1  ss  4'6  tons  tensile  strain  per  square 

inch  of  metal ;  this  being  the  maximum  strain,  or  that  at  the 

inside  of  the  cylinder  (80). 

(85.)  With  the  Britannia  tube,  the  two  Ck)nway  presses  were 

used  at  one  end  and  a  large  one  with  20-inch  ram  at  the  other. 

The  gross  weight  of  the  tube,  &c.,  was  about  1640  tons,  or  820 

tons  at  each  end:  then  the  20-inch  ram  being  814  square 

inches  area,  we  have  820-7-814  =  2*61  tons  pressure  per 

square  inch*    The  cylinder  was  22  inches  internal  diameter  and 

10  inches  thick,  hence  B  s  21,  and  r  =  11,  and  rule  (82)  gives 

n      2'61x(2P  +  lP)       .  ^^  ^  .  ^      .,     *^* 

B  =  Qp^_  ,,a =  ^'^S  *^^^  maximum  tensile  strain 

per  square  inch  of  metaL 

It  is  probable  that  this  pressure,  2-61,  and  -strain  4*58  tons 
per  square  inch,  were  very  nearly  the  breaking  weights,  indeed 
one  cylinder  failed  by  the  bottom  blowing  off,  which  would  have 
led  to  most  disastrous  results,  but  for  the  wise  precaution  t-aken 
of  blocking  up  the  tube  inch  by  inch  as  it  was  raised  by  the 
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pi'csB.  It  would  appear  from  this,  that  the  tensile  strength  of 
cast  iron  in  great  masses  10  and  11  inches  thick  is  mnch  below 
the  normal  strength,  or  that  for  small  thicknesses,  namely,  7  tons 
per  square  inch. 

(86.)  ''Tensile  Strength  of  Thick  Oa$t  Iron."— Experiments  hat« 
shown  (933)  that  the  specific  tranBverBe  strength  of  cast  iron  is 
not  the  same  for  castings  of  all  sizes,  bnt  that  large  castings, 
or  rather  castings  with  great  thicknesses,  are  specifically  weaker 
than  small  ones,  so  that  bars  1  inch,  2  inch,  and  8  inch  square 
have  specific  transverse  strengths  in  the  ratio  1*0,  0*7184, 
0*6195,  and  may  be  found  approximately  by  the  rule  (934)  or 
R  =  1  -7-'^t  How  far  the  tensile  strength  of  cast  iron  is 
affected  by  the  thickness  of  the  casting  is  not  known  experi- 
mentally, but  admitting  the  same  law  as  for  transverse  strength 
we  obtain  the  ratios  given  by  col.  7  of  Table  18,  from  which  we 
obtain  coL  8,  also  col.  9  from  col.  5 :  thus  for  5  inches  thick, 
we  get  4*059  x*497  c  2*017  tons  bursting  pressure  per 
square  inch,  <&c. 

(87.)  By  repeated  re-melting  the  tensile  strength  of  cast  iron 
inay  be  greatly  increased  as  shown  in  (5),  where  metal  of  the 
fourth  melting  (pig  iron  being  the  first)  gave  as  much  as  18*26 
tons  per  square  inch  in  small  thicknesses ;  applying  to  this  iron 
the  ratio  in  col.  7  we  obtain  the  tensOe  strengths  in  col.  10,  and 
finally  from  col.  5  the  bursting  pressures  in  col.  11.  Thus  for 
6  inches  thick  we  have  4*059  X  18*26 -r- 7  X  '497  =  5*265 
tons,  &c.  But  wd  have  seen  (7)  that  there  is  great  uncer- 
tainty in  this  method  of  increasing  the  strength  of  cast  iron ; 
the  safest  course  where  heavy  pressures  are  required,  is  to  test 
the  iron  selected  by  direct  experiments  on  its  tensile  strength. 

(88.)  Table  18  seems  to  show  by  cols.  9  and  11,  that  there  is 
no  sensible  advantage  from  great  thicknesses  of  metal,  the 
pressure  remaining  practically  constant  with  all  thicknesses  from 
5  to  10  inches,  &o.  Of  course  this  rests  on  the  assumption  that 
the  tensile  strength  follows  the  ratio  in  coL  7,  but  as  that  is 
derived  from  limited  experiments  on  transverse  strengtli,  where 
the  thickness  did  not  exceed  3  inches,  the  results  are  not 
absolutely  reliable,  but  are  the  best  we  can  give  in  the  present 
State  of  our  knowledge. 
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The  groat  uncertainty  as  to  the  important  data  connected  witii 
tills  subject,  should  lead  to  the  adoption  of  large  diameters  per* 
mitting  low  yalues  for  the  strain  8  and  pressure  |>.  For 
example,  in  the  case  of  the  Britannia  press,  say  that  the  ram 
shall  be  80  inches  diameter  =  707  square  inches  area,  giving 
820  -r  707  =:  1  *  16  ton  pressure  per  square  inch.  The  cylinder 
might  be  82  inches  internal  diameter,  and  say  5  inches  thick, 
therefore  R  =  21  and  r  s  16;  for  strong  iron  of  the  fourth 
melting  5  inches  thick  S  =  9*08  tons  by  coL  10  of  Table  18: 

*v          1     /Q1X  K                      9-08x(2P-16«)      Q   .  ^ 
then  rule  (81)  becomes  p  s oia  ■  ifl« ^  "'^  ^^^ 

bursting  pressure  per  square  inch,  or  double  the  working 
pressure,  1*16  ton;  thus  leaving  a  fftir  margin  for  con** 
tingencies. 

(89.)  Another  advantage  of  these  proportions  would  be  that 
the  weight  of  the  cylinder  is  reduced  nearly  to  half,  despite 
the  increase  in  diameter ;  thus  with  the  original  sizes,  22  inches 
diameter  =  880  area,  and  44  inches  =  1620  area,  hence 
1520  —  880  =  1140  square  inches,  the  area  of  the  annulus. 
With  the  enlarged  cylinder,  82  inches  diameter  =  804  area,  and 
42  =  1885  area,  hence  the  annulus  =  1885  -  804  =  581  square 
iucbes,  or  about  half. 

(90.)  "  Cylinders  Hooped  with  Wrought  Iron.** — ^When  large 
diameters  are  inadmissible  and  heavy  pressures  a  necessity,  the 
best  course  is  to  abandon  dependence  on  the  strength  of  cast 
iron  altogether,  and  to  rely  on  wrought-iron  hoops  shrunk  hoty 
on  a  comparatively  thin  cast-iron  shell,  as  in  Fig.  25.  In  that 
case,  the  cast-iron  cylinder  may  be  regarded  as  a  padding 
adding  nothing  to  the  strength  of  the  combination,  because  when 
the  hoops  are  shrunk  on  they  exert  a  powerful  compressive  strain 
on  the  cylinder,  which  will  be  partially  or  perhaps  wholly 
relieved  when  the  internal  pressure  comes  on:  if  wholly 
relieved  the  cylinder  will  be  simply  restored  to  its  primitive 
state,  being  unstrained  either  way.  It  is  rather  difficult  to 
calculate  the  strength  under  these  conditions ;  if  we  take  it  as 
a  wrought-iron  cylinder  26  inches  diameter,  5  inches  thick,  we 
have  B  =  18,  r  =  18,  and  the  ultimate  strength  of  wrought 
bar-iron  or  S  being  about  25  tons  per  square  inch  by  Table  1, 
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the  pole  (81)  l)eoomes  p  = Ty-i- 13« —  ^  ^'®^  *^°*  P®' 

Bqnare  inch  bursting  pressure.  Bat  we  have  here  tsken  the 
preesnre  as  acting  on  26  inches  diameter,  whereat  it  really  acts 
€m  22  inches  only:  hence  7*86  x  26-7-22  =  9*8  tons  per 
square  inch.  As  applied  to  the  Britannia  tube,  where  the  actual 
preesnre due  to  the  weight  of  the  tube  was  2*61  tons  as  shown 
hy  (85),  we  have  9*8  -r-  2*61  »  8*5  as  the  ^'ibctor  of  safety." 

It  is  shown  in  (625)  that  whatever  the  initial  strain  on 
wronght  iron  may  be,  the  permanent  working  load  with  a  fixed 
length  cannot  exceed  8  or  9  tons  per  sqnare  inch :  in  our  case  it 
is  25  X  2*61 -7- 9*3  =  7  tons  only. 

(91.)  Care  mnst  be  taken  that  ^e  longitudinal  pressure  does 
not  blow  the  bottom  out :  the  area  of  26  =  581,  and  of  22 
s  880,  hence  of  the  annnlus  581  —  880  =  151  square  inches, 
giving  with  7  tons  per  sqnare  inch  of  metal,  151  X  7  =  1057 
tons,  or  1057-7-880  =  2*78  tons  per  square  inch  bursting 
pressure,  or  about  ^  only  of  9*8  tons  the  bursting  pressure 
oiroumferentially.  This  difficulty  is  easily  overcome  by  the 
construction  shown  by  Fig.  25;  the  bottom  of  the  cylinder, 
supported  all  over  by  the  sole  plate  of  the  press,  B,  is  entirely 
telieved  of  the  bursting  pressure. 

(92.)  **  WrougU^ronPress-jpipeJ* — ^Wrought-iron  drawn  tubee 
are  commonly  used  for  hydraulio-press  work,  &c.,  where  the 
pressures  are  very  heavy ;  the  ordinary  sizes  are  1  inch  diameter" 
outside,  ^inch  bore,  therefore  }  inch  thick.  A  series  of  experi- 
ments  was  made  on  pipes  of  this  kind  with  a  pressure  of  8  tons* 
per  circular  inch,  or  8  -7-  '7854  =  8*82  tons  per  square  inch ; 
the  pressure  was  obtained  by  a  steel  plunger  1  inch  diameter, 
loaded  with  8  tons  of  direct  weights ;  there  was  therefore  no  tm- 
oertainty  as  to  the  real  pressure.  The  result  was  that  nearly 
all  the  pipes  tested  in  this  way  bore  the  strain  satis&otorily,  the 
fiuilty  cmes  alone  fidling.  The  maximum  strain  on  the  metal 
by  tiie  rule  (82),  with  B  =  ^  inch,  and  r  s  ^  inch,  becomes 

B  =  ^'^^^^[i^  ^'^  "  6*87  tons  per  square  inch,  which  is 

about  ^  only  of  25*7  tons,  the  mean  tensile  strength  of  wrought 
iron  bj  Table  1,  ^  . 
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Other  experiments  were  made  on  lighter  pipes  of  the  same 

kind  1  inch  external  and  f  inch  internal  diameter;  most  of 

these  fjEdled  at  once  under  the  pressure  of  3  *  82  tons  per  sqnare 

inch.     In  this  case,  B  =  ^  inch,  r  =  -^  inch,  and  rule  (82) 

3*82  X  (it*  4-  A*^ 
gives  8  = n       ft  a         =  8*7  tons  per  square  inch  of 

metal,  if  the  pressure  had  been  borne,  which  it  was  not.  We 
may^take  the  ultimate  or  breaking  tensile  strain  of  wrought  iron 
in  drawn  tubes  at  7  tons  per  square  inch,  which  is  7  -7-  25*7 
s  '27  or  27  per  cent,  only  of  the  strength  of  ordinary  bar 
iron. 

(93.)  "  Wrought-iron  Oas-pipe" — Ordinary  drawn  wrought- 
iron  gas  tubing  is  also  extensively  used  for  steam-pipes,  water- 
mains,  &c.,  where  the  pressure  is  considerable  and  a  knowledge 
of  its  strength  becomes  important.  Taking  2-inch  pipe  as  an 
example,  the  thickness  would  be  about  -^  inch :  hence  B  =:  1^^, 
r  =  1  inch,  and  taking  8  =  7  tons  or  15,680  lbs.  per  square 

.  1.  *  XI  1  /Qi\  •  156S0  X  (lA'  -  1*) 
inch  of  metal,  rule   (81)    gives   p  = 1  32  _Z^« 

s:  2667  lbs.  per  sqnare  inch  bursting  pressure  for  constant 
steady  load  equivalent  by  (909)  to  2667  X  |  =  1780  lbs.  for 
intermittent  load. 

The  proper  value  of  the  "  factor  of  safety  **  will  depend  on 
circumstances,  and  must  be  fixed  with  judgment ;  for  a  water- 
pipe  where  the  pressure  is  not  6nly  intermittent  but  where  the 
sudden  closing  of  a  cock  may  create  heavy  shocks,  whose  effect 
cannot  be  calculated,  but  must  be  provided  for  by  the  use  of  a 
high  factor,  we  may  take  it  at  15,  giving  in  our  case  2667  -7- 15 
8=  178  lbs.  per  square  inch,  or  178  x  2*3  s:  410  feet  of  water, 
safe  working  pressure. 

(94.)  *'  Lead  Pipe,^ — ^l£r.  Jardine  made  two  experiments  on 
ordinary  drawn  lead  pipes,  the  pressure  being  obtained  by  a 
force  pump.  One  pipe  1^  inch  internal  diameter,  ^  inch  thick, 
bore  without  apparent  alteration  a  head  of  1000  feet  of  water ; 
with  1200  feet  it  began  to  swell,  and  with  1400  feet,  or 
1400  -7-  2*3  =s  606  lbs.  pressure  per  square  inch,  it  burst.  We 
may  find  from  this  the  maximum  breaking  strain  on  the  metal 
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by  ibe  rule  (82),    which  with  B=  *95,  r  s  -75,  becomet 

^      606  X  (•96^  +  -75*)      „^--  ,.  •    , 

S  = 7q^ -^-^ =  2611  lbs.  per  square  inch. 

In  the  other  experiment,  the  pipe  2  inchee  internal  diameter, 
^  inch  thick,  bore  without  alteration  800  feet  of  water,  and 
burst  with  1000  feet,  or  1000  -f-  2*8  =  435  lbs.  pressure  per 
square  inch;    then  B  being  =1*2  and    r  =  1,  we    obtain 

^      435  X  (1-2' +  1')      o>iioii^  •    1,    /      *i 

8  = r-^~ ^ ^  =  2412  lbs.  per  square  inch  of  metaL 

The  mean  of  the  two,  or  2510  lbs.,  may  be  taken  as  a  basis 
for  the  strength  of  lead  pipes  of  all  sizes.  Table  19  gives  the 
thickness,  weights,  and  safe  pressures  for  standard  sizes  of  lead 
pipes ;  they  are  commonly  rated  by  the  weight  per  15-foot  length 
up  to  1  inch  diameter,  and  per  12- foot  length  for  larger  sizes. 

The  weight  per  foot  being  given,  the  thickness  may  be 
calculated  by  finding  the  external  diameter  by  the  rule : — 

(95.)  (D»  -  iP)  ^  W-f-3-86. 

In  which  D  =  the  external,  and  d  =  the  internal  diameter  in 
inches,  W  =  the  weight  per  foot  run  in  lbs.  Thus,  say  we  take 
|-inch  pipe,  32  lbs.  per  15  feet,  therefore  2  *  133  lbs.  per  foot : 
then  2-133  ^8-86  =  -5503,  which  is  D»  -  d*;  then  -6503 
+  i^  or  '5503  +  -5625  =  1-1128,  the  square  root  of  which 
or  1-055  =  d;  hence  the  thickness  =:  (1*055  -  -75)  -^  2 
=  •  1525  inch,  as  per  col.  2  of  Table  19. 

Having  thus  found  the  thickness,  and  thereby  B,  the  bursting 
pressure  will  be  given  by  the  rule : — 

In  which  jv  =  the  bursting  pressure  in  feet  of  water,  and  the 
rest  as  in  (82) :  thus  Avith  the  |-inch  pipe, '  1525  inch  thick  as  in 
(95)  r  =  -375,  B  =  -375  +  -1525  =  -5275, and  the  rule  giye^ 

_5800x(*5275«-  *375^)      5800  x  (*2782-  -1406) 
^  ""  •  5275*  +  -  375*         ^^'         -  2782  +  •  140$         ' , 

6800  X  -1376      ,0^.  -   ^ 
^  —  "4188—  =  ^^^^^^* 
of  water,  as  in  ooL  6  of  Table  19,  Ao, 
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Tablx  10. — Of  the  Strknoth  of  Dbawn  Lead  Pipeb  of  the  ordinary 

Standard  Weights. 


ThkkDesa. 

Weight  iB  Lbs. 

Preisare  in  Feet  of  WAter. 

DUmeCer. 

Per  15  Feet 

P^Foot 

Baistlng. 

WorktagHettiL 

Onttnery. 

With  Shock. 

i 

•0881 

12 

0-800 

1700 

170 

85 

ft 

•1007 

15 

1-000 

1978 

198 

100 

$t 

•135»5 

20 

1*830 

2367 

236 

118 

t« 

•1486 

22 

1^467 

2525 

252 

126 

i 

•lOGO 

18 

1200 

1649 

lo5 

82 

ft 

•1264 

22 

1-467 

1898 

190 

95 

«« 

•1503 

27 

1^800 

2169 

217 

108 

i 

•1105 

22 

1^467 

14«;6 

147 

73 

ff 

•1236 

25 

1-667 

1610 

161 

80 

f« 

•1865 

28 

1-807 

1745 

174 

87 

M 

•1525 

82 

2-183 

1906 

191 

96 

WW 

9f 

•1695 

86 

2-400 

2068 

207 

104 

ff 

•1810 

89 

2-600 

2173 

217 

109 

1 

•1370 

86 

2-400 

1378 

138 

69 

» 

•1570 

42 

2-800 

1545 

155 

78 

M 

•2010 

56 
Per  12  Feet 

8^788 

1888 

189 

95 

u 

•1610 

42 

8-500 

1307 

181 

66 

ff 

•1945 

52 

4-333 

1535 

154 

77 

99 

•2800 

63 

5-250 

1760 

176 

88 

1} 

•16-25 

50 

4167 

1123 

112 

56 

t» 

•1800 

56 

4-667 

1228 

123 

62 

ft 

•2250 

72 

6-000 

1488 

149 

75 

fl 

•2580 

84 

7-000 

1»;72 

167 

84 

If 

•1940 

70 

5  8:H3 

1146 

115 

58 

99 

•2*220 

81 

6-750 

12U0 

129 

65 

»» 

•2435 

90 

7-500 

1396 

140 

70 

2 

•2055 

84 

7-000 

1067 

107 

54 

ff 

•2320 

86 

8000 

1193 

119 

60 

•» 

•2670 

112 

9  333 

1347 

135 

68 

(1) 

W 

(3) 

(4) 

(«) 

(«) 

a) 

To  find  the  safe  working  pressure  we  have  to  determine  the 

Value  of  the  factor  of  safety  (880),  which  requires  care  and  judg* 

tnent:  Table  187  shows  that  for  lead  with  a  perfectly  dead 

pressure,  the  safe  load  may  be  ^  of  the  bursting,  or  the  factor 

B  8,  but  this  is  seldom  the  case  in  practice;  by  the  sadden  closing 
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of  a  cock,  &a,  heavy  shocks  are  common,  producing  the  well* 
known  knocking  sonnd,  moreover  the  pressure  is  frequently 
intermittent  as  in  all  the  lead  service-pipes  of  a  town  supplied  on 
the  ordinary  system.  When  a  ball-cock  is  used,  which  diuts  off 
the  water  gradually,  the  strain  may  be  taken  as  an  intermittent 
dead  load,  for  which  by  ool.  2  of  Table  141,  the  ratio  is  ^  of 
the  equivalent  constant  dead  load*  Taking  the  factor  of  safety 
at  8,  we  obtain  ^  -4-  3  =  ^  of  the  dead  pressure,  as  the  inter- 
mittent working  pressure.  But  where  the  pipe  is  of  considerable 
length,  and  is  subjected  to  heavy  shocks  from  the  sudden  closing 
of  a  cock,  the  strain  becomes  an  intermittent  dynamic  one,  for 
which  col.  3  gives  the  ratio  »  ^,  or  with  &otor  8,  ^  -i-  3  s  ^ 
of  the  ultimate  dead  load.  Taking  these  values  (^  and  ^)  for 
the  sake  of  round  numbers,  at  i^  and  ^  respectively  and 
applying  them  to  coL  5  of  Table  19,  we  obtain  cols.  6  and  7, 

&C. 

ORDIKABT  WATEB  AHD  GAS  PIP18  :  OAST  IBOH. 

(97.)  With  very  low  pressures,  snch  as  for  gas  and  low-service 
water-pipes,  the  rules  we  have  given  will  not  apply  without 
correction.  The  first  question  is  to  determine  the  minimum 
thickness  with  which  it  is  practicable  to  cast  them ;  here  we 
have  nothing  but  experience  to  guide  us,  and  from  that  we  obtain 
the  empirical  rule : — 

(98.)  «=^+.18. 

In  which  d  =  diameter  of  the  pipe  in  inches,  and  t  =>  the 
thickness  when  the  pressure  is  practically  nothing ;  thus  for  a 

V9 
9-ineh  pipe  <  »  — .  +  aS  =  *45inch;  eol.8  of  Table  20  has 

been  calculated  by  this  rule,  and  will  apply  for  gas  and  low 
pressures  in  water  say  up  to  50  feet  head. 

For  higher  pressures  such  as  ooour  in  ordinary  water-mains 
the  rules  become: — 

(».)  ..(f+. 15) +  (5^-1^^. 

(100.)         Hw  =1*  -  (^+  '  15)}  X  26000  -T-d. 
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In  wliich  d  s  diameter  of  the  pipe  in  inchen,  t  s  the  thicknen 
in  inches,  and  Hw  »  safe  working  head  of  water,  in  feet. 
Thus,  the  thickness  for  an  8-inch  pipe  for  250  feet  of  water 

become,  by  ibo  rnle  (99)  t  =  (^+  -Is)  +  (^'^^^ 

*51d  inch.     Again,  to  find  the  safe   head   of  water  for  a 
9-inch  pipe    *63   inch  thick,   the  mle   (100)   gives   H^  = 

|.68  -  CQ+  -15)1  X  25000 -T- 9  =  500  feet  head. 

(101.)  Tahle  20,  taken  from  the  author's  <  Practical 
Hydraidics/  has  been  calculated  by  the  mle  (99),  and  gives 
the  thickness  and  approximate  weights  of  cast-iron  socket-pipes 
for  pressures  ranging  fh>m  gas-pipes  up  to  1000  feet  of  water. 
The  usual  practice  of  engineers  is  to  specify  the  weights  of 
pipes,  rather  than  the  thickness,  leaving  the  founder  to  determine 
that  for  himself^  which  long  practice  enables  him  to  do  with 
considerable  precision ;  of  course  absolute  accuracy  cannot  be 
attained  and  should  not  be  expected :  a  margin  for  unavoidable 
variations  should  be  allowed,  say  1  lb.  to  the  inch  either  way, 
so  that,  for  instance,  a  7-inch  pipe  for  250  feet  head,  specified  to 
weigh  8  cwt.  0  qr.  9  lbs.  as  per  Table  20,  should  not  be  rejected 
if  its  real  weight  is  between  8  cwt  0  qr.  2  lbs.  and 
8  cwt.  0  qr.  16  lbs.,  &c.,  11  lbs.  being  thus  allowed  for  vari- 
ation in  a  7-inch  pipe.  Founders  consider  this  to  be  a  fair 
allowance. 


CHAPTEB  IV. 

STBKNGTH  OF  CHAIN,  BOPES,  ITa 

(102.)  The  strength  of  chain  is  not  equal  to  that  of  a  straight 
bar  of  ike  same  material ;  experiments  at  Woolwich  have  shown 
that  a  straight  bar  being  1*0,  that  of  a  chain  =  1  *  822  instead 
of  2*0.  Table  21  gives  the  result  of  direct  experiments  on  the 
strength  of  chain,  which  shows  that  wrought  iron  is  the  best 
material.     Steel  seems  entirely  to  lose  its  superior  tensile 

V  2 


68 


OBAMK-OHAUI :  EZPEUIMKMn. 


s 

& 


§ 


s 

X 


I 


0 


111 


a 
t 

1^ 


t 
A 


J 


i. 

r 


I 


d 


I 


aa 

OS 


S 


ei'^e^'^M 


e^eieogg 


OQM'^ 


^ 


s 


•        •       •       •       • 

CO  t*^OOi 


coeDCDO«o      eoG4»A^ 


00  t^O)  o  o 


#  •  •  • 

t^oot^oo 


SOUd  oo      o  >o 

1-4        r^i-i^C4C4        MOQK) 


H#      •jS      •!•  ••      H»  PH       ST 


I 


Sfitt        fiSKftft        «>& 


•«   ;'4««o     «t«ooo)o     fHMOo   • 


Ciabub-chain:  kzpxbimsmti. 


69 


>?  6  i 

Q     -     ft 


a  ^ 

^M  '^'l  ^H 

I        -  I 

^       »  ^ 


5  ^ 


;.s     ftiLi:c7.ssfiss    fti'iiS^-e^Ss*^     iftisfi 


o<5  5  cj  >| 


g   8 


^J   ^     §     ^ 

o  J   5      o      sS 

(Lipq  ^    ph4    (^ 


««e9co© 

04 


fM  ^-«  •   •   •  —^ 


•  •   •   •   • 


S©^^©  ^"^f*©^  ©•0^t»©  ©©QOU$t«  ©©©^99  ©^00©-< 

«5505»  wot*^«c  05r*«ac3>  <*'^»c;o*ft  oooo©t*5D  ©o5aa^» 

iboxoo©  <oi>i^iAO)  ^^©©©(D  iO»^-<o^-  ©ibcbo©  ©^oo<^r* 

««  r^  ,M  ^^  fiN  i-<  ^  O*  1^  ^i^  ^H  (N  O)  94  ^^  »-i  rH  ^^  rH  fii^  ^^  ^^  «^  p^  ^  C4  ^^  rH  pH  ^^ 


Qc-Ni«>030    lo©© 

iOi«l^t*«     ©f-t?4 

s? 

>OC4 

QQ© 

S 

e4©©©co 

^  ift  i6  ^  «5 

s 

o  oa  2^  o 

i^SE^eo 

0)90  :oc4© 

Oi  -<  ©  »^  oa 

OI  ^^<^lO 

t«00QOQO<X>     0»0«-<01««i 

SS^SSSI 

lO© 

©0>A 

o 

©iOM© 

l^iO 

•  -as  • 

ad©c4 
f-ioieo 

04 

•   • 

•     • 

• 

•OOOIOI'* 

• 

•g2  • 

©© 
•    •  •    •     • 

•       •       • 

©  ^  r* 

OI  2^00 

•    • 

•s 

•  • 

•  • 

•  • 

•  • 

• 
• 

94-0 

90-7 

88-6 

1000 

• 

• 

128-0 
183*0 

•  • 

i 

5 
3 

m 
3 

£ 


M 


^#  ^n       ^B       »^sB 

C4  pH        »ii<        I-* 


•-^        *-i  fi        OI        PH  i-l        i-« 


•  •  •  •  •   nS  •••  •••••  • 

•  •••  •      Q         •         9        •  •••••  • 

'  •  •  •  s§  •  •  •  -^Ss    •  • 


ftCStt     SftSSS     ssss 


I 


•  •     •   • 

•  •     •   • 


•.a    o^ 


R   t. 


2^ 


•g 


^ 


S 


SSSSS  SSoS^Si  SSSS^S  SSSS3S  SSiSSSsS  SS^USS 


70  OTBINOTH  OF  ORAHS-CHAIK* 

strength  when  made  into  chain,  which  is  due  no  donbt  to  the 
welding  process.  Table  1  shows  that  bar  steel  is  superior  to 
bariron  to  the  extent  of  47*84-7-25*7  =  1*86,  or  86  per  cent ; 
but  when  welded,  iron  is  superior  to  steel,  21*1-7-20*4  » 
1*084,  or  8*4  per  cent. 

When  made  into  stad-linked  chain  the  mean  strength  of  steel 
by  Nos.  88  to  48  of  Table  21  is  =  18*  18  tons  per  square  inch, 
iron  being  s  17*44  tons;  practically,  therefore,  there  is  little 
or  no  difference  in  the  two  materials. 

There  are  two  kinds  of  chain  in  common  use,  the  short-linked 
or  crane-chain  used  for  most  purposes  on  land ;  and  the  stay 
or  stud-linked  cable-chain  for  naval  purposes. 

(108.)  ""  ShorUUhked  Oane-d^atn.''— Table  21  shows  that  the 
mean  strength  of  crane-chain  from  ^  inch  to  1^  inch  diameter 
is  19  tons  per  square  inch,  and  it  appears  to  be  about  the  some 
for  all  the  sizes  between  those  extremes.  A  chain  made  of 
1-inch  iron  would  therefore  break  with  19  X  *7854  x  2  = 
29  *  84,  or  say  80  tons,  and  for  short-linked  crane-chain  we  have 
the  rules : — 

(104.)  Mean  breaking  weight  in  pounds,  fo  =  <P  x  1050. 

„  „  tons      W  =  cP  X  -47. 

(105.)  (Jovemment  proof-strain  in  pounds,  |>  =  eP  X  420. 

„  „  tons,      P  =  cP  X  -1875. 

In  which  d  =  the  diameter  of  the  iron  in  8ths  of  an  inch,  &c. : 
thus  for  1-inch  chain  we  have  W  =  64  x  '47  =  80  tons,  and 
P  s  64  X  '1875  =  12  tons,  &o,;  cols.  2  and  8  in  Table  22 
have  been  calculated  by  these  rules.  It  will  be  observed  that 
the  ratio  of  the  proof  strain  to  the  breaking  weight  is  1  to 
1050 -f- 420  s  2*5.  With  lifts,  cranes,  &o^  where  life  is 
jeopardised,  the  safe  working  load  should  not  exceed  ^th  of  the 
breaking  weight,  but  for  many  less  critical  cases  it  may  be  50 
per  cent,  more  than  that,  or  -^ths  of  the  breaking  weight :  we 
thus  obtain  cols.  4  and  5  in  Table  22.  The  weights  per  feithom 
(or  6  feet)  in  coL  6,  from  ^  inch  to  1  inch,  were  found  by 
weighing  given  lengths;  the  rest  were  calculated  from  the 
1-inch  chain. 

(106.)  ''Stud-linked  or  Cbble-cAcitn.*'— Table  21  shows  that 
the  strength  of  stud-chain  is  not  so  great  as  is  commonly 


8TBSN0TH  OV  OEAHX    ANB  OABLI  CIIAIir. 


71 


Table  d2.— Of  the  Stbinoth  and  WnoHT  of  SBOBT-LnrsED 

Cbanb-ohaih. 


Diimeter 

BrMUng 
Weight. 

Adminl^ 
Prouf-ttrain. 

Sft&Stnio. 

Working 

8tr«lii  for 

GnDct,lDC. 

WHgbtper 

F»tiUUL 

indMt. 

tomt 

tom. 

tone. 

ton. 

lbs. 

1-87 

•75 

•56 

•37 

4-5 

A 

2-93 

1^17 

•88 

•58 

6^0 

4-22 

1-69 

l'*2ii 

•84 

10-5 

A 

5-74 

2-30 

V12 

1^15 

12-0 

750 

800 

2-25 

1-60 

•      18-0 

A 

9^49 

8-80 

2-84 

1-90 

21*0 

11*72 

4-69 

8-51 

2-34 

27-9 

H 

14-18 

5-67 

4-25 

2^83 

81-3 

^ 

16-87 

6-75 

5-06 

8-37 

86 

« 

19-80 

7-92 

5-94 

8-96 

42 

22^97 

919 

6^89 

4-59 

50 

ii 

26-37 

10-55 

791 

5-27 

57 

^ 

80^00 

12-00 

900 

6-00 

65 

^tV 

38-87 

13-54 

10^16 

6-77 

78 

87  97 

15-18 

11*39 

7-59 

82 

1* 

42-30 

16-92 

12-69 

8-46 

91 

U 

46^87 

18-75 

14-06 

9-37 

101 

1* 

51-68 

20-67 

15-50 

10-33 

110 

u 

56-72 

22-68 

1701 

11-34 

120 

lA 

6200 

24-80 

18-C'>0 

12-40 

130 

U 

67-50 

27-00 

20-25 

13-50 

140 

B«tios  = 

50 

2  0 

1-5 

10 

•  • 

(1) 

W 

(3) 

(*) 

(6) 

(«) 

tappoeed:  the  mean  of  the  twenty-fotir  ezperimentd,  Nos.  14 
to  87  on  iron  obains  from  f  inoh  to  2^  inches  diameter  is 
17*43  tons  per  square  inch,  or  1^  ton  less  than  that  of  ordinary 
crane-chain«  This  is  contrary  to  the  current  notion  on  the 
snbjecty  bnt  is  the  clear  result  of  experiment :  cable-chain  has, 
however,  some  important  advantages,  principally  in  its  non- 
liability to  Jnnk  or  become  entangled,  which  for  naval  purposes 
is  all-important :  moreover  it  is  lighter,  as  shown  by  col.  5  of 
Table  23. 

Admitting  17*  48  tons  per  square  inch  as  the  mean  strength  oi 
oable-chaiui  we  have  17*43  x  "7854  x  2  =  27*37  tons    th« 
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Tadle  23* — Of  the  Stbbkgth  and  Weight  of  Stud-likked  Gabus* 

CHAIN. 


Diameter. 


BreAktaig 
WelKht. 


Admlraltj 
Prouf-strain. 


Maxiirum 
Sate  Strain. 


inches. 


i 
f 


f 

1 


n 


1* 


2i 
2t 


2» 


Ratios = 
(0 


tons. 

6  75 
54 
55 
76 
18 


8 
10 
12 
15 


17-82 
20-67 
23-73 
27  00 
80*48 


42 

51' 

60- 

71 

82 


19 
05 
75 
80 
68 


94-92 
108  00 
121-92 
136-68 
141-75 
168-75 


3 


tons. 


4 
5 
7 
8 
10 


50 
75 
03 
52 
10 


9 
9 


11 

13 

15-8 

180 

22-9 


28' 
84 

40' 

47' 
55' 

63 
72' 
81 
91 
101' 
112 


1 
1 
6 
6 

4 

3 
0 
3 
2 
7 
5 


2 

(3) 


tons. 
2-25 
2-84 
8-51 


4 
5 


25 
06 


5-94 
6-89 
7-91 
9-00 
11-45 

14-05 
17  05 
20-30 


23 
27 


-8 
7 


'6 
0 


31 

36 

40-6 

45-6 

50-8 

56-2 


1 

(4) 


Wflght 
per  Katbom. 


IK 
15 
19 
24 
28 
82 

37 
44 
49 
58 
72 

90 
110 
125 
145 
170 

195 
230 
256 
285 
320 
860 


(6) 


breaking  weight  of  l-inch  chain:  taking  27  tons  for  round 
numbers,  we  have  for  stud-linked  chain,  the  rules : — 

(107.)  Mean  breaking  weight  in  pounds,   w  -  d^  X  945. 

„  „  tons,      W  =  cPx  -423. 

(108.)  Admiralty  proof-strain  in  pounds,   p  =  d^  x  630. 

„  „  tons,       P  ;=  €P.x  -282. 

In  which  d  =  the  diameter  of  the  iron  in  Stbs  of  an  inch: 
ihus  for  1-inch  cable  W  rr  64  x  '423  =  27  tons,  and  F  =  64  x 
*  282  =  18  tons,  &o. :  cols.  2  and  8  in  Table  28  have  been 
calculated  by  these  rules. 

The  ratio  of  the  proof  strain  to  the  breaking  weight  is  1  to 
945  -7-  630  =  1*5,  which  is  a  very  severe  test,  but  it  is  main- 
tainod  that  the  object  of  testing,  namely,  to  discover  faulty 
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litikB,  would  not  be  answered  witbont  a  heavy  BtnuD,  and  that 
experimentB  at  Portsmonth  Dockyard  have  shown  that  the 
strength  of  a  chain  is  not  serioublj  or  even  sensibly  impaired 
by  repeated  strains  almost  eqnal  to  the  breaking  weight.  In 
ordinary  cases,  however,  it  is  not  desirable  to  load  chain-cablet 
to  more  than  half  the  Admiralty  proof-strain,  or  ^rd  the 
breaking  weight,  and  from  this  we  obtain  ooL  4  in  Tublo  23. 

(109.)  *'AnneoUng  Chain:'— li  is  shown  in  (14)  that  the 
efiect  of  annealing  wrought  iron  in  the  form  of  bars,  plates,  or 
chains  is  a  loss  of  tensile  strength.  The  effoct  on  chain  is  very 
clearly  shown  by  Nos.  19,  20,  in  Table  21,  where  the  matter 
was  submitted  to  direct  experiment:  ten  specimens  of  ^inch 
annealed  chain  gave  a  mean  strength  of  16*34  tons  per  square 
inch;  and  ten  similar  ones  not  annealed,  gave  17*54  tons, 
showing  16  *  84  -7-  17  *  54  =  *  98,  or  7  per  cent  loss.  Comparing 
the  maTJmnm  strengths  in  col.  4,  or  the  minimum  ones  in  col.  5, 
we  obtain  similar  results:  thus  with  the  former  we  have  20*25 
•7-  21*75  =  *93,  or  7  per  cent ;  and  with  the  latter  19 -^  20*5 
s  •  98,  or  7  per  cent.  also. 

But  if  in  the  course  of  manufacture,  the  iron  is  cold-hammered, 
which  not  unfrequently  occurs  in  practice,  a  loss  in  strength  of 
about  80  per  cent,  may  accrue  as  shown  in  (14),  and  in  order  to 
avoid  that  great  loss,  it  is  expedient  to  submit  to  the  7  per  cent, 
loss  due  to  annealing. 

It  has  been  found  by  experience  that  by  long-continued  use, 
chains  become  brittle  and  break  with  a  comparatively  small 
impulsive  strain,  such  as  very  often  occurs  with  cranes,  &a,  by 
the  load  slipping  or  otherwise :  thus  a  f-inch  chain  has  been 
known  to  break  in  one  case  with  3^  tons,  and  in  another  with 
5*9  tons,  although  the  breaking  load  by  col.  2  of  Table  22 
should  not  have  been  less  thtm  11*72  tons.  It  shonld  be 
observed,  however,  that  in  both  cases  the  strain  exceeded  the 
safe  working  load  given  in  col.  5,  namely,  2  *  34  tons. 

It  is  very  desirable  that  all  chains  should  be  periodically 
re-annealed  and  re-tested :  the  failure  of  chains  is  the  source  oi 
most  of  the  serious  accidents  in  onr  factories,  which  might  be 
avoided  to  a  great  extent  by  more  frequent  annealing  and 
testing. 
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(110.)  '*  Strength  o/ JBopea."~The  experiments  of  Captain 
Hnddart  have  shown  that  hand-laid  ropes  such  as  are  commonly 
made  in  small  rope-works  are  not  so  strong  as  those  made  with 
register  and  press-block.  He  also  found  in  the  latter  greater 
uniformity  of  strength  among  the  yarions  sizes:  in  the  hand- 
laid  ropes  the  smaller  sises  wore  proportionately  stronger  than 
the  larger,  ranging  from  560  lbs.  per  circular  inch  in  8-inch 
girth,  to  421  lbs.  in  the  8-inch.  Those  made  with  the  register 
were  nearly  uniform  in  strength,  being  =  820  lbs.  per  circular 
inch  in  botii  the  3-inch  and  8-inch  ropes. 

From  the  deterioration  by  age  and  moisture  to  which  ropes 
are  subjected  the  safe  working  load  should  not  exceed  ^  of  the 
breaking  weight  for  such  cases  as  cranes  and  pulley-blocks. 
But  where  life  and  limb  depend  absolutely  on  the  strength  of 
ropes,  as  in  hoists  or  lifts,  &c.,  and  where  moreover  there  is 
considerable  wear-and-tear  by  constant  passing  over  pulleys,  Ac.^ 
the  working  load  should  not  exceed  ^th  of  the  breaking  weight. 

The  proof  strain  is  commonly  taken  at  half  the  breaking 
weight,  but  this  seems  to  be  too  high  in  most  cases :  we  have 
taken  it  at  i  in  Table  24,  which  gives  the  breaking  weights  by 
Captain  Hnddart's  experiments,  also  the  proof  strain  and 
working  load  in  accordance  with  varying  circumstances. 

It  is  frequently  expedient  to  use  two  ropes  of  equivalent 
strength  rather  than  one  large  one,  and  this  is  commonly  done 
in  the  teagles  or  hoists  used  in  the  factories  of  the  north  of 
England.  Thus,  where  the  weight  of  cage  and  load  =  30  cwt., 
we  might  use  by  col.  6,  one  G^-inoh,  or  preferably  two  4^inch 
ones,  <%c. 

(111.)  "Flat  Bopes,** — The  continual  bending  of  ropes  over 
pulleys  is  found  to  be  very  destructive,  especially  with  small 
pulleys,  and  of  course  ropes  of  large  size  suffer -the  most.  For 
this  reason  flat  ropes  are  better  adapted  for  such  cases ;  their 
strength  may  be  found  from  that  of  the  round  ones  of  which 
they  are  composed :  thus  a  flnt  rope  1^x6  inches,  composed  of 
four  round  ropes  each  1^  inch  diameter  or  4}-  inches  girth,  will 
by  col.  6  of  Table  24  give  a  working  load  =  15*3  X  4  » 
61  cwt.,  &e. 

(112.  J  "  Rigidity  of  Ropc$" — When  a  rope  passes  over  H 
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Tablk  94.— Of  the  Stbbvoth  and  Weight  of  Hempen  Ropes. 


Welfbtper 
Fathum. 

Bopes  made  wUh  Bcgliter. 

Girth  In 
lochei. 

Breaking 
Wilgtata. 

Proof  Strain. 

Safeloadi:  Cwtti 

Ordlnaiy. 

Hoiata,fte. 

lbs. 

cwto. 

ewta. 

u 

0-50 

16-5 

5*5 

4-1 

2*4 

2 

0-88 

29*3 

9-8 

7-3 

4*9 

2i 

1-88 

45-7 

15*2 

11*4 

7*6 

8 

1-98 

ee 

22 

16-5 

11*0 

H 

2-70 

90 

80 

22-5 

150 

4 

8-52 

117 

89 

29*2 

19*5 

4 

4-46 

148 

49 

87  0 

24*7 

5 

6-50 

183 

61 

45*7 

80-5 

H 

6-66 

221 

70 

55-2 

87-0 

G 

8*00 

263 

88 

66 

440 

^ 

9-8 

809 

103 

77 

51-5 

7 

10-8 

858 

119 

89 

59*7 

71 

12-4 

412 

137 

103 

69 

8 

141 

468 

156 

117 

78 

9 

17-8 

593 

198 

148 

99 

10 

220 

732 

244 

188 

122 

11 

26G 

886 

295 

221 

144 

12 

31-7 
0-50 

1054 

851 

264 

176 

Hand-laid  RopM. 

U 

11*8 

8*8 

2*8 

19 

2 

0*88 

200 

6*7 

50 

8-3 

2> 

1*38 

81*3 

10*4 

7-8 

5*2 

8 

1-98 

46*  1 

15-0 

11-3 

7*5 

Si 

2-70 

60*6 

20*2 

15*1 

10*1 

4 

8-52 

78 

26*0 

19*5 

13*0 

4 

4*46 

92 

80*7 

230 

15*3 

5 

5-50 

118 

89*8 

29*5 

19*7 

5| 

G*6G 

138 

46 

34*5 

28*0 

G 

800 

162 

54 

40*5 

270 

6} 

9*3 

183 

61 

45*7 

30*5 

7 

10*8 

205 

68 

51*2 

341 

? 

12-4 

223 

74 

56*0 

37*2 

141 

240 

1                 ^ 

80 

60*0 

400 

Biitios 

• . 

6 

2 

1*5 

1 

0) 

(a) 

(3) 

c. 

(6) 

(«) 
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pulley,  the  strain  upon  it  is  not  only  that  dae  to  the  weight 
lifted,  but  also  that  due  to  the  stiffness  or  rigidity  of  the  rope 
itself,  and  still  farther  to  the  friction  of  the  pin.  Conlomb, 
Nayier,  and  others  have  investigated  this  snbjeet,  and  the 
following  rule  is  based  on  their  results : — 

|[-0257+(-0212x«)lxa;Vr'014273x«XWl 
(113.)  tr  =  i ^-±A 1 

In  which  a?  s  ^  x  ^8  for  white  hempen  rf>pe ;  d  =  diameter 
of  rope  in  inches ;  D  =  diameter  of  pulley  in  inches  measured 
at  the  centres  of  the  ropes ;  W  =  the  statical  weight  on  the 
rope  in  lbs.  without  motion ;  and  to  =  the  extra  weight  to  over- 
come the  stiffiiess  of  the  rope  and  produce  motion. 

(114.)  Thus,  let  A  in  Fig.  26  be  a  pulley  14|  inches  diameter, 
with  a  rope  1  inch  diameter  having  equal  weights  W,  W  of 
1100  lbs.  suspended  on  each  side,  the  diameter  at  the  centres  of 
the  ropes  will  then  be  15}  inches.  Now,  with  no  rigidity  in 
the  rope  or  friction  of  axle,  the  addition  of  the  smallest  weight 
to  one  side  would  cause  motion,  but  the  rigidity  of  the  rope 
will  require  a  oonsiderable  extra  weight  to  overcome  it :  in  our 
case: — 

/[•0257  +  (-0212  X  48)]  X  48^  +  (014273  X  48  X  llOo} 

15] 

Table  25  has  been  calculated  by  the  rule  (113),  coL  A  by 
rule  A  =  -014273  X  «:  and  col.  B  by  rule  B  =  [0257  + 
(0212  X  x)]  X  X.  To  use  this  Table ;  multiply  the  number  in 
col.  A  opposite  the  given  size  of  rope  by  the  statical  strain  or 
weight  W ;  add  the  number  in  ool.  B  and  divide  the  sum  by  the 
diameter  of  the  pulley  in  inches,  measured  at  centres  of  ropes ; 
the  quotient  is  the  extra  weight  w  required  to  overcome  the 
rigidity  and  produce  motion.  Thus  for  a  rope  3  inches  girth, 
or  1  inch  diameter,  on  a  7-inch  pulley,  or  8  inches  oentres,  and 
a  weight  of  1000  lbs.,  we  have  from  coL  A,  •  6247  X  1000  = 
624*7,  and  from  ool.  B,  41*74,  from  which  we  obtain  w  » 
(624  *  7  +  41  *  74)  -f-  8  =  83  lbs. :  motion  would  therefore  ensue 
with  1000  lbs.  at  one  side,  and  1083  at  the  other,  if  there  was 
no  Mction  from  the  pin* 
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Table  25. — Of  Gonbtakts  for  Lobs  of  Powkb 

Ukmp  Ropes. 

bj  RlOIDITT  of 

Stae  of  Rope. 

▲ 

B 

Sbeof  Bope. 

▲ 

Girth. 

DUmeter. 

tilitb. 

Diameter. 

B 

14 

•477 

•1556 

2*80 

6 

1-91 

2-501 

655 

2 

•636 

•2767 

8-50 

6i 

207 

2-850 

851 

2} 

•796 

•4343 

20-41 

7 

2-23 

3-404 

1212 

8 

•955 

•6247 

41-74 

71 

2-39 

8  912 

1600 

H 

1-114 

•8495 

76-66 

8 

2-55 

4-458 

2072 

4 

1-27 

1^103 

128-6 

9 

2-86 

5-604 

3278 

4| 

1-43 

1-255 

205-9 

10 

818 

6-927 

5005 

5 

1-59 

1-733 

315-6 

1 

11 

3-50 

8-392 

7330 

«4 

1-75 

2-097 

461-3 

1 

12 

8-82 

10  000 

10415 

(I) 

(2) 

(3) 

(0 

(1) 

W 

(3) 

W 

(115.)  The  adTButage  of  large  diameters  for  the  pulleys  will 
BOW  be  apparent,  tbe  loss  of  effect  being  inyerselj  proportional 
to  the  diameter:  thus  the  extra  weight  dne  to  rigidity  for  4,  8, 
and  16-inch  pulleys  to  raise  1000  lbs.  with  a  3-inch  rope  would  be 
166,  83,  and  41 '  5  lbs.,  the  strain  becoming  1000  +  166  » 1166 ; 
1000  +  B3  =  1083,  and  1000  +  41-5:=1041-51bs.reBpectiTely, 
irrespectiTe  of  friction. 

(116.)  ''Loss  5y  fWdton.**— The  effect  of  friction  may  be 
illnstrated  by  Fig.  26 :  the  strain  on  the  pin  is  in  that  case 
1100  +  1151  s  2251  lbs. ;  taking  friction  at  ^th  of  the  weight, 
we  haTe  2251  4-  6  »  375  lbs.  friction  at  the  surface  of  the  pin. 
Taking  2  inches  for  the  diameter  of  the  pin  and  15f  for  the 
effective  diameter  of  the  pulley,  we  haye  375  X  2  -r- 15^75  = 
48  lbs.  at  the  rope.  Thus  to  raise  1100  lbs.  we  require  a  strain 
of  1100  +  51  +  48  =:  1199  lbs.:  hence  1100 •M199  »  -918, 
or  say  92  per  cent  of  the  power  is  utilised,  8  per  cent  being 
lost  by  friction  and  rigidity  of  the  rope. 

(117.)  ^  Strains  in  Common  Sheave^loeksJ' — ^The  strains  on  a 
rope  in  common  sheaye-blocks  are  yery  complicated,  the  effect 
of  rigidity  and  friction  accumtdating  throughout  with  eyery 
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additional  pulley.  Say  that  we  take  the  case  of  a  pair  of  4  and 
8-sheaye  blocks,  Fig.  27,  with  a  rope  8  inches  in  girth  and 
7-inch  pulleys,  or  8-inoh  centres,  having  pins  1^  inch  diameter. 
Assuming  800  lbs.  on  the  rope  A,  the  extra  f^train  fof 
rigidity  on    the    pulley  r  by  Table  25  and  (118)  will  be 

(-6247  X  800)  +  41-74       ^^  ,.  ^  *i.     *      •  *i, 

^ ^-^-^ ss  68  lbs.,   and  the  tension  on  the 

rope  g  would  be  868  lbs.  if  there  were  not  a  farther  loss  by 

friction  of  the  pin.    The  weight  on  the  pin  of  the  pulley  r  = 

800  +  868  =  1668  lbs.,  the  fnction,  1668  -r-  6  =  278  lbs.  at 

the  surface  of  the  pin,  which  is  reduced  to  278  X  1^  -^  8  = 

43  lbs.  at  the  rope:  the  tension  on  g  thus  becomes  868  -f  48  = 

911  lbs. 

Similarly,  the  extra  strain  from  rigidity  on  the  pulley  j:),  is 

(-6247x911)+ 41-74      _.  ,,         ....  ..     ^.. 

2 ^ =  76  lbs.,  which  increases  the  strain 

on  the  rope  /to  911  +  76  :=  987 lbs.:  the  weight  on  the  pin 
becomes  911  +  987  «  1898  lbs. :  friction  (1898  X  1^)  -r- 
(6  X  8)  =  48  lbs.  at  the  rope,  thus  increasing  the  tension  on  / 
to  987  +  48  =  1035  lbs.,  &c.,  &o.  The  strains  on  all  the  ropes 
in  Fig.  27  haye  been  thus  calculated,  and  from  that  figure  wo 
may  now  obtain  data  for  any  number  of  pulleys  from  1  to  7. 

(118.)  Thus  with  a  single  pulley  r,  we  haye  800  -f-  911  = 
*878,  or  say  88  per  cent,  of  the  power  utilised,  hence  12  per 
cent,  is  lost:  we  should  obtain  the  same  result  from  the  pulley  ft, 
namely,  1727  -5-  1960  =  -881. 

With  1  and  2  sheayes,  o,  p,  r,  the  weight  lifted  at  W  is 
equal  to  the  sum  of  the  strains  on  the  ropes/,  ^,  A,  or  1035  + 
911  +  800  =  2746  lbs.  But  the  mechanical  power  of  the 
combination  being  8  to  1,  the  tension  at  e  should  haye  raised 
1177  X  8  s  8531  lbs.  at  W ;  hence  we  haye  2746  -f-  3531  r= 
*78,  or  78  per  cent,  utilised,  and  22  per  cent,  lost. 

With  2  and  8  sheayes,  m,  n,  o,  j:),  r,  the  weight  lifted  is  the 
sum  of  the  strains  on  tiie  ropes  d,  6,  /,  g,  h,  or  5260  lbs.,  but 
ihe  weight  due  to  the  strain  of  1518  at  e  is  1518  X  5  = 
7590  lbs.,  hence  5260  -£-  7590  »  -69,  or  69  per  ceni  is  utilise^, 
fod  81  per  cent,  lost* 
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Witli  3  and  4  sheaTOS,  the  weight  lified  is  the  sum  of  the 
atrains  on  the  seyen  ropes,  b,  e,  <2,  e,  /,  g^  h,  or  8507  lbs. ;  bnt 
the  weight  dne  to  1960  lbs.  at  a,  is  1960  X  7  =  13720  lbs. : 
hence  8507-4-13720  =  ^62,  or  62  per  cent,  is  ntiUsed,  and 
38  per  cent,  wasted. 

(119.)  These  ratios  may  be  applied  generally  with  approxi- 
mate accuracy  to  ayerage  pnlley-blocks  with  ropes  of  other 
sizes,  and  we  haye  thus  obtained  Table  26 :  thns  taking  the 
working  strain  on  common  hand-laid  ropes  from  col.  5  (»f 
Table  24,  we  obtain  col.  4,  and  from  that,  and  the  theoretical 
power,  combined  with  the  dnty,  we  obtain  cols.  5  to  8  in 
Table  26.  Thus  for  a  rope  2  inches  girth  without  any  policy 
the  direct  safe  load  by  coL  4  =  5  cwt. :  with  1  policy,  5  X 
'88  =  4*4  cwt;  with  2  and  1  sheaves,  5  x  3  x  *78  a 
11*7  cwt;  with  3  and  2  sheayes,  5  x  5  X  *69  =  17^2  cwt; 
and  with  4  and  3  sheayes,  5  X  7  x  '62  =  21*7  cwt.,  &c 

Tabus  26. — Of  the  Safb  Load  for  PuiJiET-BLOOKs,  allowing  for 
RiQioiTY  of  the  Bops,  and  Fbiotion  of  Pin. 


«-— 

DUmeter 
oTPnllej. 

No  PnUey. 
DatrlOO 
FtorCent. 

1  p«ii^      3  *nd  1 
1  Pulley.     Shelly^ 

^i^f  1 ;  Duty  78 

3um12 

Sheftvet. 

TbeoroUcal 

Power  5  to 

1 :  Doty  «9 

PbrOent. 

4aiiilS 

SbcATca. 
Theoretical 
Power  7  to 
I;  Duty 62 

Percent. 

Obih. 

PMoMter. 

Working  Loads,  to  Cwts. 

u 

•48 

lorbet. 
8-5 

2^8 

2-5 

6-5 

9-7 

121 

2 

•64 

4-7 

50 

4*4 

11^7 

17*2 

21-7 

2i 

•80 

5-8 

7-8 

7 

18 

27 

84 

8 

•96 

70 

11-8 

10 

26 

89 

49 

8J 

111 

8^2 

151 

18 

85 

52 

66 

4 

1-27 

9*8 

W5 

17 

47 

67 

85 

4J 

1-48 

10  5 

28*0 

20 

54 

79 

100 

5 

1*59 

11-7 

29-5 

26 

69 

101 

128 

H 

1-75 

12*8 

84-5 

80 

81 

119 

150 

6 

1-91 

140 

40-5 

86 

95 

140 

176 

(0 

W 

(8) 

(*) 

(») 

(e> 

0) 

(•) 
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(120.)  When  pulley-blocks  can  be  so  arranged  that  the  power 
shall  act  upwards  instead  of  downwards,  the  last  pulley  can  be 
dispensed  with  and  economy  of  power  effected.  For  example, 
if  in  Fig.  27  the  rope  h  is  continued  to  Q,  the  pulley  h  is  useless, 
all  the  strains  on  the  different  ropes  remain  as  before,  therefore 
the  weight  lifted  is  the  same,  but  instead  of  1960  lbs.  as  at  a, 
we  now  require  1727  lbs.  only,  the  weight  due  to  which  is 
1727  X  7  =  12089  lbs. ;  hence  8507  ^  12089  =  -70,  or  70  per 
cent,  is  utilised,  and  30  per  cent,  lost,  whereas  in  (118)  we  had 
62  per  cent,  utilised  :  8  per  cent  being  thus  saved. 

(121.)  "  Strength  of  Wire  BopeJ* — Wire  ropes  are  yery  exten- 
sively used  for  winding  purposes  in  collieries,  <&c.,  where  the 
principal  objection  to  them,  namely,  their  great  rigidity,  is 
easily  overcome  by  the  use  of  very  burge  pulleys.  The  breaking 
weight  and  safe  working  load  of  round  and  flat  iron-wire  ropes 
shown  by  Table  27  are  given. by  Messre.  Newall  and  Co.:  it 
will  be  observed  that  they  fix  the  working  load  of  round  ropes 
for  inclined  planes  and  other  ordinary  work  at  |th  of  the 
breaking  weight,  and  for  flat  ropes  (111)  used  in  pits,  hoists, 
&o^  where  life  depends  absolutely  on  the  strength  of  the  rope, 

Table  S7.— Of  the  Strrnoth  of  Iron  Wjbb  Ropbs. 


Cltrom- 
ference. 

Breaking 
Weight. 

Working 
Load. 

Weight 

per 
Fathom. 

1 

Cbcom- 
fensDoe. 

Bivaking 
Weight. 

Working 
LowL 

W.ight 

p.T 

KMbott. 

1 

H 

cwte. 
40 

80 

120 

160 

200 

240 

280 

820 

400 

480 

560 

owU. 
6 

12 

18 

24 

80 

36 

42 

48 

60 

72 

84 

1 
2 

8 

4 

5 

6 

7 

8 
10 
12 
14 

• 

ewta. 
640 

800 

cwts. 
96 

120 

lbs. 
16 

20 

• 

Sbet. 

FUt  >Vtre-ropeiL 

n 

H 

8* 

8| 
4 

2|xj 
81  X« 
4|x| 

400 
MO 
610 
800 
1000 
1200 

44 
60 
72 
88 
112 
186 

11 
15 
18 
22 
28 
84 
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only  ^th  of  the  breaking  weight,  agreeing  with  (9£3)  and 
Tablo  141,  which  gives  in  col.  3,  for  an  intermittent  dynamic 
load  ^  of  the  statical  breaking  weight,  which,  with  Factor  8, 
bocomes  J  -^  3  =  ^th. 

(122.)  ''Strength  of  Pump-rods:' —Bj  Table  1  the  mean 
tensile  strength  of  welded  wrought  iron  =  47,266  lbs.  per  square 
inch  breaking  weight  with  dead  load,  eqoiyalent  by  the  "  ratios  " 
In  col.  3  of  Table  141  to  47266  X  ^  =  15755  lbs.  intermittent 
dynamic  breaking  weight.  Table  187  gives  factor  of  safety  =  8, 
hence  we  obtain  15755  -7-  3  =  5252  lbs.  per  square  inch  working 
strain :  taking  it  in  round  numbers  at  5000  lbs.,  we  obtain  col.  2 
of  Table  28.  Fig.  28  gives  the  form  and  proportions  of  socket- 
joints  for  pump-rods,  which  have  been  found  to  work  well  iu 
practice,  and  the  table  gives  the  sizes  of  socket,  &o.,  &o^  for 
different  diameters  from  f  inch  to  2  inches. 

Table  28. — Of  the  Pboportions  of  Sockkt-jotnts  for  Wbouoht- 
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Table  29  gives  the  strain  on  single-acting  pump-rods  in  prac- 
tice :  coL  10  shows  that  it  seldom  exceeds  6000  lbs.  per  squara 
inch,  but  at  Trafalgar  Square  it  was  6600  lbs.,  the  result  being 
that  fractures  were  frequent. 

For  double-acting  pump-rods  the  strain  is  not  only  inter- 
mittent but  alternate  also,  and  being  accompanied  by  more  or 
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less  Tiolent  sliocks  from  the  motion  of  the  water,  the  factor  of 
safety  =  3,  by  coL  6  of  Table  141  beeomeB  3  4-  i  =  IB ; 
henoe  we  ba7e  47266  -f- 18  =  2626  lbs.  per  aqnare  inch  working 
load. 


CHAPTEB  V. 

ON  THE  8HEABIN0   8TBAIN. 


(123.)  "  Single  and  Double  Shear.'* — When  two  plates  are  con- 
nected by  a  rivet  or  pin,  as  at  A  in  Fig.  6,  and  the  rivet  is 
severed  by  a  tensile  strain  applied  to  the  plates,  we  have  a  case 
of  single-shearing,  and  it  has  been  found  that  the  strain  is 
simply  proportional  to  the  area  sheared,  being  independent 
of  the  form  of  the  pin  in  erosSHsection,  whether  round, 
sqnare,  &e. 

In  Fig.  8y  or  at  0  in  Fig.  6,  we  have  two  side  plates  and 
one  central  one :  it  is  obvious  that  to  shear  the  pin  a  double 
area  has  to  be  severed  requiring  double  strain  for  the  double 
shear. 

Mr.  E.  Olark  made  direct  experiments  on  the  resistance  of 

|-inch  rivet-iron  to  single  and  double  shearing :  he  found  that 

the 

Maximum  Minimum  Mean 

single-shearing  strain  by  four  experiments  was 

261  23*9  24*14 

tons  per  square  inch.  Double-shearing  gave  as  the  result  of 
eight  experiments : — 

22*9  21*6  22-1 

tons.  The  mean  of  the  two  =  23  *  12  tons  per  square  inch :  the 
direct  tensile  strength  of  the  same  iron  was  24  tons,  from  which 
it  appears  that  the  shearing  and  tensile  strains  are  practically 
equal  to  one  another,  and  this  is  admitted  as  a  general  rule :  it 
requires,  however,  some  modification  as  applied  to  rivets  in 
joints.    It  appears  that  in  the  process  of  riveting  red-hot  in  the 
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usual  way  the  metal  is  damaged  and  its  strength  reduced  by  the 
maltreatment  experienced :  thas  by  Table  1,  Mr.  Kirkaldy  giyes 
26  tons  per  square  inch  as  the  mean  tensile  strength  of  rolled 
rivet-iron ;  but  Mr.  Fairbaim  found  it  to  be  22  tons  only  in 
singlo-riyeted  joints  of  boiler-plate  (19);  hence  we  have 
22  -f-  26  =  *  846,  or  say  85  per  cent,  realised ;  therefore  15  per 
cent,  is  lost  by  riveting  hot. 

With  steel  rivets  the  loss  is  very  great,  as  shown  by  (42) ;  the 
tensile  strength  of  bar  steel  is  47  *  84  tons  per  square  inch,  but 
that  of  steel  in  riveted  joints  is  28*77  tons  only:  hence 
28*77  -7-47*84  =:*50,  or  50  per  cent  only,  is  realised,  and 
50  per  cent,  is  lost  by  riveting  hot. 

With  treenails  of  English  oak,  commonly  used  in  ship- 
building, the  shearing  strain  across  the  grain  by  experiments  at 
H.M.  Dockyard  was  4000  lbs.  per  square  inch,  aUd  as  by 
Table  79  the  mean  tensile  strength  of  oak  =  12,882  lbs.,  the 
ratio  is  8*1  to  1*0. 

(124.)  **  Bectangular  Bars,^*  —  Experiments  recorded  by  the 
Institute  of  Mechanical  Engineers  show  that  in  shearing  flat 
bars,  the  shearing  strain  is  nearly  the  same  whether  the  bar  is 
flat  or  on  edge ;  thus  bars  ^  inch  by  8  inches  gave  on  the  flat 
22  *  8  and  on  edge  28  *  1  tons  per  square  inch.  Others  1  inch 
by  8  inches  gave  28*1  and  22*7  tons  per  square  inch 
respectively:  in  these  experiments  the  shear  blades  were 
parallel. 

(125.)  ** Oblique  Shearing** — ^When  the  blades  are  fixed  at  an 
angle  so  as  to  shear  a  plate  obliquely,  the  strain  is  less  than  with 
parallel  shearing  to  an  extent  which  varies  with  the  angle  of  the 
blade  and  the  thickness  of  the  plate.  Say,  /or  illwtra^liony  thnt 
Fig.  29  is  a  blade  12  inches  wide,  with  four  steps  in  it,  each 
8  inches  wide,  and  B  the  plate  to  be  sheared,  the  thickness  of 
the  plate  and  the  height  of  the  steps  being  ^  inch.  Now,  it  will 
be  observed  that  the  steps  act  one  after  the  other,  thus  0  will 
have  done  its  work  and  passed  through  the  plate  before  D  begins 
to  act,  &0.,  hence  the  strain  is  ^th  only  of  that  due  to  a  parallel 
blade  12  inches  wide,  but  of  course  the  travel  is  4  times  as 
much;  therefore  the  mechanical  power  is  the  same  in  either 
case.    The  line  E,  F,  G  at  a  slope  of  1  to  12^  or  1  to  8  would 
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evidently  give  the  same  result  as  a  blade  with  steps,  that  is  to 
say,  with  a  ^-inch  plate  as  in  our  ease.  But  the  slope  would 
▼ary  with  the  thickness;  thus  for  ^inch  plate  it  might  be 
1  to  16;  with  1-inoh  plate  1  to  4,  <Skc;  the  strain  being 
then  ^th  of  that  with  a  parallel  blade.  For  ordinary  and 
general  purposes  a  slope  oflin8tolinl2i8  commonly 
used. 

^  Strain  for  Punching*^ — An  ordinary  punch  may  be  regarded 
as  a  circular  cutter  or  shearing  blade  whose  length  is  equal  to 
the  circumference :  then  by  Table  1  the  mean  strength  of  plate* 
iron  is  48,454  lbs.,  or  21  *  63  tons  per  square  inch :  hence  a 
punch  1  inch  diameter  with  a  plate  1  inch  thick  would  require 

Table  30* — Of  the  Strain  for  Punching  Kivet-holes  in 

Plate-ibon  and  Steel. 
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a  force  of  21  *  63  x  3  *  1416  =  68  tons,  and  we  have  for  wrongbt- 
iron  plates  the  role : — 

(126.)  Sp  =  c!  X  <  X  68. 

In  whicb  d  =  the  diameter  of  panch,  and  t  =  the  thickness  of 
the  plate,  both  in  inches ;  Sp  being  the  panching  strain  in  tons : 
thus,  for  example,  with  |-inch  punch  and  ^inoh  plate  we  obtain 
bp  =  J  X  i  X  68  =  25-5  tons. 

With  steel  plates  the  mean  tensile  and  shearing  strength  by 
Table  1  =  85,977  lbs.,  or  38  •  38  tons  per  square  inch ;  hence  a 
punch  1  inch  diameter  with  1-inch  plate  requires  38  *  38  X  3  *  1416 
=  120  tons,  and  we  have  for  steel  plates  the  rule : — 

(127.)  Sp  =  d  X  <  X  120. 

Thus  for  say  -^inch  punch  and  |-inch  steel  plate  the  punching 
strain  becomes  Sp  =  ^  x  ^  X  120  =  15  tons.  Table  80  has 
been  calculated  by  these  rules. 

DETRUSION. 

(128.)  This  term  has  been  applied  to  the  shearing  strength 
of  timber  in  the  direction  of  the  fibres.  Experiments  have 
shown  that,  1st,  This  is  practically  the  same  as  the  tensile 
strength  perpendicular  to  the  grain  which  is  given  at  the  end 
of  Table  1;  and,  2nd^  That  both  are  very  small  and  very 
variable:  with 

■ 

Poplar  Oak  Laioh        Scotch  Fir     Memel 

the  mean  resistance  to  detrusion  with  the  grain  and  tensile 
strain  across  the  grain  is  : — 

1782  2816  1335  562  690  lbs. 

per  square  inch.  Taking  the  ordinary  mean  tensile 
strength  at 

7200  12,332  9560         12,200  15,370  Ibe. 

per  square  inch,  we  have  the  ratios : — 

404  5-3  7-2  21-7       22-3  to  1-0 

In  practice,  simple  detrusion  is  easily  avoided  by  bolts  through 
the  bar,  hence  the  great  weakness  of  some  kinds  of  timber  to 
that  particular  strain  is  a  matter  of  small  importance. 
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CHAPTER  VL 

ON  THB  0BU8HIN0  8TEAIH, 

(129.)  We  are  indebted  to  Mr.  Hodgkinson  for  almost  the 
whole  of  our  exact  knowledge  of  the  strength  of  materials  in 
resisting  crashing  strains,  and  from  his  experimental  investiga- 
tions we  obtain  the  following  laws : — 

1st,  That  for  specimens  whose  height  is  between  1^  and  8 
times  the  diameter  or  side  of  square,  the  crashing  strain  is 
simply  proportional  to  the  area. 

2nd.  In  that  case  the  plane  of  rupture  is  inclined  at  an  angle 
with  the  base,  and  therefore  with  the  axis,  which  angle  is  con- 
stant for  the  same  material,  but  is  different  for  different  materials. 

8rd.  That  for  heights  less  than  1^  times  the  diameter,  the 
crushing  strain  becomes  greater  irregularly  with  the  reduction 
in  height  (180). 

4th.  For  yery  great  heights,  the  specimen  becoming  a  pillar 
of  considerable  length  in  proportion  to  the  diameter,  failare 
takes  place  by  lateral  flexore,  with  a  load  very  much  less  than 
that  necessary  to  crush  the  material  (806). 

6th.  For  intermediate  heights,  the  pillar  fails  with  an  inter- 
mediate load,  partly  by  flexure,  and  partly  by  incipient 
ernshing  (168). 

(180.)  *"  Cast  Iron."— The  effect  of  height  is  well  illustrated 
by  some  experiments  by  Mr.  Hodgkinson  on  cylinders  ^  inch 
diameter,  the  heights  being 

4  i  f  i  f  U  a  8-78 

inches.    The  crushing  strains  were 

18-6       12-5      11-8      10-8      10-5       105       9*7        6-7 
tons ;  the  equivalent  strains  per  square  inch  were 

69*3       63*5      60*0      55*0      53*3       53'3      49*6       34-4 

tons.  It  appears  from  this  that  when  the  height  is  equal  to  the 
diameter  the  resistance  to  crushing  is  55-T-53-8  =  1'032,  or 
8*2  per  cent,  greater  than  when  the  height  is  between  1^  and  2 
with  diameter  1  *  0. 
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(131.)  Table  31  gives  the  general  results  of  Mr.  Hodgkinson's 
experiments  on  the  crnshing  strength  of  cast-iron  cylinders 
j  inch  diameter;  those  in  col.  1  were  1^  inch  in  height,  or 
double  the  diameter;  those  in  coL  4  were  f  inch  high,  and 
they  show  an  excess  of  5*8  per  cent  over  those  in  col.  1. 

Mo8t  of  the  old  experiments  on  the  resistance  of  materials  to 
crushing  by  Rennie,  Bramah,  and  others,  were  made  on  cubet^ 
and  it  has  been  objected  that  this  fact  vitiates  their  results,  but 
we  have  seen  that  in  cast  iron  at  least  the  difference  is  from 
3*2  to  5*8  per  cent,  only,  so  that  the  earlier  ex^Kiriments  on 
cubes  may  be  accepted  as  correct  enough  for  practice. 

Table  81. — Of  the  Tensile  and  Crushing  Strength  of  Cast 

Iron,  in  Tons  per  Square  Inch. 


Kind  of  Iron. 

Crnsblng : 

Height 

Double  the 

DUmeter. 

C. 

Tensile. 
T. 

Ratio. 
C  to  T. 

Crashing: 

Height 

Eqaal  to 

Diameter. 

Lowmoor,  No.  1  . .     •  • 

25-198 

5-667 

4-446 

28-8'»9 

„          No.  2  ..     •• 

41  219 

6-901 

5-973 

44-480 

Clyde,  No.  1       ..     •. 

39-616 

7  198 

6-503 

41-459 

„     No.  2        ..     .. 

45-549 

7-949 

6-729 

49-102 

^     No.  3       •  •     •  • 

46-821 

10-477 

4-469 

47-855 

Blaenavon,  No.  1 

85-964 

6-222 

5-780 

40-562 

„        No.  2 

45  717 

7 -46} 

6-123 

5^-502 

„         No.  2,  2nd 

80-594 

6-380 

4-795 

80-606 

Calder,  No.  1       . .     . . 

33-921 

6131 

5-532 

82-229 

Coltness,  No.  8    .  •     .  • 

45-460 

6-820 

6-665 

44-723 

Brymbo,  No.  1     , .     . . 

83-784 

6-440 

5-246 

83-399 

ff        xiOm  o     ••     •• 

84-356 

6-923 

4-963 

33-988 

Bowling,  No.  2    . .     . . 
Devon,  No.  3,  hot-blast 

83028 

6032 

5-476 

33-987 

64-92 

9-75 

6-638 

.  • 

Buffery,  No.  1      „ 

88-56 

6-00 

6-431 

•  • 

„           „    cold-blast 

41-67 

7-80 

5-346 

•  • 

Coed-Talon,  No.  2,  H.B.  1 

86-92 

7-45 

4-961 

< 

f,             „      C.B.  ! 

36-50 

8-40 

4-3:^7 

1 

Canon,  No.  2,  H.B.    . . 

51-20 

6-00 

8-493 

a 

„          „     \j,ij,    .  • 

49-65 

7-45 

6-668 

1 

„       No.  3,  H.B.    . . 

59-56 

7-90 

7-515 

1 

n            „      O.  IS.     •  • 

51-53 

6-y5 

8  129 

< 

Lowmoor  „     C.B.     .. 

i    4900 

7-39 

7-554 

< 

(1) 

(3) 

(3) 

(4) 
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(132.)  Admitting  the  experiments  on  specimens  whose  height 
is  doable  the  diameter,  ooL  1,  as  the  more  correct,  the  mean 
resistance  of  cast  iron  to  crashing  may  be  taken  at  43  tons,  or 
96,320  lbs.  per  square  inch,  and  the  mean  tensile  strength,  in 
col.  2,  being  7*142  tons,  or  16,000  lbs.,  the  ratio  becomes 
practically  6  to  L 

It  will  be  observed  that  there  is  great  yariation  in  the 
crashing  strength  of  cast  iron,  as  shown  by  coL  1,  Devon  being 
64*92  and  Lowmoor  25 *  198  tons,  giving  a  ratio  of  2*57  to  1*0. 
The  mean  crashing  strength  being  100,  the  maximam  =  156, 
and  the  minimam  =  61 ;  the  effect  of  re-melting  is  shown  by 
eol.  3  of  Table  2. 

With  the  tensile  strength  the  variation  is  mach  less,  ranging 
from  10*477  tons  in  Clyde  iron  to  5*667  with  Lowmoor,  the 
variation  being  1*85  to  1*0:  the  mean  tensile  strength 
being  100,  the  maximam  =  147,  and  the  minimam  =  79. 
Table  149. 

(133.)  «  Wrought  Iron  and  ^eel."— It  is  shown  in  (503)  that 
there  is  great  difficulty  in  determining  the  ultimate  or  absolute 
croshing  strength  of  all  malleable  metals  such  as  wrought  iron, 
which  in  short  specimens  flow  or  spread  oat  laterally  under  the 
pressure  rather  than  crush  or  break.  Wrought  iron  practically 
fiedls  entirely  with  about  12  tons  per  square  inch,  the  extensions 
and  compressions  with  greater  strains  becoming  excessive,  as 
shown  by  the  diagram.  Fig.  215.  Experiments  on  the  transverse 
strength  (520)  seem  to  show  24  tons  as  the  absolute  crushing 
strain,  but  with  pillars  of  different  kinds  19  tons  per  square 
indi  agrees  the  best  with  the  results  of  experiment  (201),  from 
which  it  appears  that  the  resistance  of  wrought  iron  is  24  -^  19 
B  1  *  26,  or  26  per  cent,  greater  in  beams  than  in  pillars.  The 
wrinkling  strain  shows  similar  differences,  namely,  104  -4-  80 
s  1*  80,  or  30  per  cent,  greater  in  beams  than  in  pillars  (322). 

With  steel,  the  apparent  crushing  strength  under  transverse 
strains  seems  to  be  61*48  tons  per  square  inch  (507),  but  with 
■teel  pillars,  52  tons  agrees  better  with  experiment  (268),  the 
difference  being  61*48  4-  '>2  =  1*18,  or  18  per  cent. 

This  difference  of  resistance  to  crushing  in  beams  and  pillars 
18  remarkable,  but  admits  of  explanation.     In  a  $hort  pillar 
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every  part  of  the  crossHsection  is  equally  strained  or  nearly  so, 
bat  in  a  beam  the  strain  is  a  maximum  at  the  edge  of  the  section, 
and  is  supposed  to  diminish  in  arithmetical  ratio  toward  the 
neutral  axis,  where  it  becomes  nil,  as  shown  in  (494)  and 
Fig.  164.  But  when  a  wrought-iron  bar  is  deflected  by  the 
transverse  strain,  the  malleable  nature  of  the  metal  causes  it  to 
yield  so  much  under  the  maximum  pressure  at  the  remote  edge 
that  heavier  strains  are  thrown  on  the  rest  of  the  section.  For 
example.  Fig.  80  is  the  section  below  the  neutral  axis  of  a  bar 
of  any  material  whose  maximum  resistance  to  crushing  at 
A  =  19  tons  per  square  inch,  therefore  9^  tons  at  B,  4|  at  C, 
&c.,  the  mean  of  the  whole  being  =  9^  tons.  Let  Fig.  81  be  a 
similar  beam  where  the  maximum  =  24  tons,  &c.,  the  mean  of 
the  whole  being  12  tons.  Now  let  Fig.  82  be  another  beam 
whoso  resistance  at  B  =  14^  tons:  if,  therefore,  the  resistance  .is 
proportional  to  the  distance  from  the  neutral  axis,  it  should  be 
29  tons  at  A,  but  if  we  allow  that  the  metal  there  compresses 
excoRsively,  as  in  diagram,  Fig.  215,  until  it  is  reduced  to  19  tons, 
we  then  have  a  double  series  of  strains  as  in  the  figure,  the 
mean  of  the  whole  being  12,  as  in  Fig.  82.  It  will  now  be 
observed  that  Fig.  82  gives  the  same  mean  crushing  strain  with 
19  tons  maximum,  as  Fig.  81  gave  with  24  maximum:  the 
apparent  maximum  strain  in  Fig.  82  is  24  tons,  although  the  real 
maximum  =  19  tons  only :  see  (504). 

In  confirmation  of  this  reasoning  it  should  be  observed  that 
with  cast  iron,  which  maintains  comparative  uniformity  in  its 
compression  under  crushing  strain,  as  shown  by  the  diagram, 
Fig.  215,  the  crushing  strength  is  the  same  in  pillars  as  in  beams, 
namely,  48  tons  per  square  inch. 

(184.)  «  Tmber."— Table  82  gives  Mr.  Hodgkiuson's  experi- 
ments  on  the  crushing  strength  of  various  kinds  of  timber :  the 
results  in  col.  2  were  a  mean  of  about  3  experiments  on  cylinders 
1  inch  diumeter  and  2  inches  high,  with  flat  ends,  the 
woods  being  moderately  dry  or  in  the  ordinary  state.  Col.  1 
were  specimens  turned  to  the  sizes  and  kept  drying  in  a  warm 
place  for  two  months :  the  lengths  of  these  specimens  were  in 
some  cases  1  inch  only,  being  equal  to  the  diameter,  which  would 
increase  the  strength  a  little  (129). 
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Table  82. — Of  the  Stbenoth  of  Timber  to  Rehtst  Cbushino 
Strains,  in  Lbd.  aud  Tods  per  Square  Inch. 


Kind  of  Timber. 


Alder 

Ash        

Briy-wood     

Bt;tch 

Birch,  EngU.-h     ..      •• 

„      American ..      .. 

B(.x       

Cedar     

Crab-tree       

Deal,  red       

„      white 

Elder     

£hD       

Fir,  Sprvoe 

HoriiDeam  ..  •• 
MabogaDy  ..  .. 
Oak,  Engl'sh       ..      •• 

„     Qui-btc       ••      .. 

.,     Dantzic       ••      •• 
Pine,  pitch 

„     yel  ow 

»»     red       

Plam     

Poplar 

Sycamore      

Teftk      

Larch 

Walnut 

WiUow 


Maximam 
Dry. 
Lbs. 


6,960 
9,36H 
7,518 
9.363 
6,402 

11,663 
9,971 
5,863 
7,148 
6,5S6 
7,293 
9,973 

10,331 
6,819 
7,289 
8,198 

10,058 
5,982 
7,731 
6,790 
5,445 
7,518 

10,493 
5.124 
9,207* 

12,101 
6,568 
7,227 
6,128 

(0 


M  in  imam 
Ordinary 

State. 

Lbs. 


6831 
8683 
7518 
7733 
3297 
8970* 
7670* 
5674 
6499 
6748 
6781 
7451 
7950* 
6499 
4533 
8198 
6484 
4231 
5950* 
6790 
6H75 
5395 
8241 
3107 
7082 
9310* 
3201 
6063 
2898 
(2) 


Me«n. 


Um, 


Tons. 


6,896 
9,023 
7,618 
8,648 
4,850 
10,316 
8,K20 
6.768 
6,8^4 
6.167 
7,037 
8,712 
9,140 
6,659 
6,911 
8,198 
8,271 
6.106 
6,840 
6,7W0 
5,410 
6,467 
9,367 
4,116 
8,144 
10.706 
4,385 
6,645 
4,613 

(3) 


308 
4-03 
8-36 


8 
2 
4 
3 
2 


81 
16 
60 
94 
68 


305 
2-75 
3- 14 
8-89 


4- 

2- 

2- 

3- 

3- 

2- 

3 

3 

2« 

2 

4 

1 

3 

4 

1 

2 

2 


08 
97 
64 
G6 
69 
28 
06 
03 
41 
88 
18 
84 
67 
78 
96 
97 
02 


(4) 


Ratio  of 

C'l.  1  to 

Col.  a. 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 


•02 
•08 
•<:0 
•21 
•94 
•80 
•80 
•03 
•10 
•15 
•08 
•34 
•30 
•06 
•60 
•00 
•65 
•41 
•30 
•00 
•01 
•40 
•27 
•65 
•30 
•30 
•74 
•19 
•11 


(5) 


*  Calculated  from  tbe  general  ratio  of  tlie  experiments  in  colmnns  1  and  2,  wbidi  it 
1-8  to  1-0. 

The  effect  of  the  drying  proceBs  on  most  kinds  of  wood  is  to 
increase  tbe  cmshing  strength,  yarying  from  nothing  with  bay, 
mahogany,  and  pitch-pine  to  2*  11  with  willow,  col.  5  :  the  mean 
increase  for  the  29  kinds  of  timber  is  1*30,  or  30  per  cent. 
In  several  cases  indicated  by  a  *  tbe  experiments  were  made 
with  the  wood  in  one  of  tbe  states  only :  in  those  cases  the 
strength  in  tbe  other  state  was  calculated  by  the  general  ratio 
1  to  1*3,  &c 
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Table  33. — (>f  the  Stbkkqth  of  Stohb,  &■.,  to  Resist  a  Cbobhiho 
Stuaih  in  Lbs.  and  Tuds  per  Sijuare  Inch. 


Granite,  Herm 

„  Durtmoor  . . 
„  P.t..rlLead,  Red  , 
„  Ab^nlBea.  iilue , 
„  Pctrrhead,  Blue. 
„  Penrlijn  ..  . 
„  Peterhead  ..  . 
„  Comiah 
„  Aberdeen,  Blue . 
Ciegleitli  (SuidatoDa) 

Fortfnnd  (Oolite)      ..     . 

Purbeok      . 

Yoikpavlu<;  (Saudstune). 

„    Cromwell  Bottom 
Hntubie  (Stadstone) 
Whilby  „        .... 

Merble,  Wbitu  Ibdiaa     . . 

„      Stutnary 

K      White  Italian      .. 

„      Black  Brabiint    . . 

„      Bud  DevonaliitB  .. 

Re<l  Saiidntone 

Chftlk 

8lute,  Valenlia 

Uniiiilf?  fall  Bandatone 
Limestone,  oompaot  ..     .. 
DurlijGrit 

Porllami  Cementj  ncut,  SOI 

.bjBOld         / 

Do..  I  put.  Band  2  parts,) 

5i  Aiiya  old f 

Do.,  I  pait,  Sand  S  parts,! 

52  dnvs  M f 

Bninan  Cement,  Deat,   SO) 

ilayaold        / 

Do.,  1  port.  Sand  2  parte,) 

G2  days  old f 

Concrete  Stone,  Portland) 
Cement  1  part,  Sand  2} 
porta,  48  da;*  old 


R.  Clark, 
Rcnnie. 
4  Bramab, 


i  Fatrbaini 
B.  White. 
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Tablk  83. — Of  the  Stbekgth  of  Stone,  &c — continued. 


Haxl- 

Mini- 

MtVL 

Kiod  of  Stone,  fto. 

niam. 

mmn. 

AvthorltT. 

Lte. 

Lbe. 

Lta. 

ToDib 

Concrete    Stone,   Portland) 

Cement  1  part,  8and  2 
parts,  270  days  old     . . 

•  • 

•  • 

1,763 

•79 

B.  Whita 

Do.,   Portland  Ctment  1 

j 

part,  Sand  8  parte,  70 
Oiiys  old        

•  • 

•  • 

442 

•20 

n 

00^   Portland  Cement    1 

part,  Shingle  10  parts,  80 

«iaysold ] 

Biick   Cubes,  in  Portland 
Cement,  neat,  80  days 

•  • 

•  • 

276 

•12 

n 

•  • 

•  • 

442 

•20 

ft 

old 

Do.,  Portland  Cement   1 

part,  Sand  2  parts,  52 
days  old       

•  • 

•  • 

608 

•27 

n 

Do^  Portland  Cement    1 

• 

part,  SMnd  8  parts,  80 

•  • 

•  • 

726 

•324 

If 

days  old        

Do.,  Roman  Cement,  neat, 
80  days  old 

829 

•87 

•  •• 

•  • 

n 

Do.,  Roman  Cement  1  part,^ 
Sand  2  parts,  52  days  old/ 

386 

•17 

•  • 

•  • 

>» 

Ordinary  Mortar       . .     . . 

■  • 

•  • 

480 

•21 

Claudel 

Do.,  14  years  old     . .     . . 

• . 

•  • 

260 

•12 

Vicut. 

Brick,  9-in.  Cubes,  in  Cement 

613 

417 

521 

•2326  E.  Clark. 

M      pale  red 

•  • 

•  • 

562 

•251 

Renuie. 

„      red 

•  • 

•  • 

808 

•861 

«, 

„      Pavior*s 

•  • 

•  • 

1.000 

•4464 

ff 

„            „       Burnt  extra 

•  • 

•  • 

1,441 

•647 

yj 

„       Fire,       Stourbridge 

•  • 

•  • 

1,718 

•77 

f 

(186)  **  Stone,  dte,** — Table  38  giyes  a  summary  of  experi- 
ments on  the  ornshing  strength  of  stone :  those  by  Braraah  were 
on  cnbes  from  4  to  6  inches  square,  and  were  obtained  by  means 
of  a  12-inch  hydranlio  press,  with  which  very  accurate  results 
oould  hardly  be  expected  (88) ;  however,  they  are  perhaps  correct 
enough  for  practical  purposes. 
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CHAPTER  VIL 

ON  THB   STRENGTH  OF  PILLARS. 

(136.)  "  Theory  of  Pillars:'— The  theory  of  the  strength  of 
pillars  iHll  be  most  easily  nnderstood  by  analogy  with  the 
transverse  strength  and  sti&ess  of  a  beam  of  the  same  sizes 
and  material.  In  Fig.  83  let  A  be  a  beam  10  feet  long  sup- 
ported at  each  end  and  deflected  ^  foot  by  a  central  load  w  = 
20  lbs :  now  obviously,  if  that  load  is  removed,  the  elasticity  of 
the  beam  will  cause  it  to  react  with  a  force  of  20  lbs.  in  the 
direction  of  the  arrow  B,  and  the  question  becomes,  what 
horizontal  forces  in  the  direction  of  the  arrows  0,  C  will 
counterbalance  the  vortical  strain  B. 

Let  D,  E,  in  Fig.  34  be  two  rods  similar  to  A  in  Fig.  33  and 
resting  on  the  plane  / :  for  the  purposes  of  illustration  we  may 
suppose  them  to  be  jointed  by  pins  at  a,  6,  c,  d.  With  a  vertical 
load  of  200  lbs.  at  W,  we  have  to  find  the  horizontal  strain  at 
Cyd;  by  the  *^  parallelogram  of  forces  " :  drawing  the  straight 
lines  aeyCh,adfdhy  we  obtain  a  parallelogram,  and,  as  is  well 
known,  the  ratio  of  the  length  of  the  vertical  diagonal  a  6,  to 
that  of  the  horizontal  one  c  c2,  is  also  the  ratio  of  the  vertical 
strain  to  the  horizoutal  strain.  Thus,  in  our  case,  the  vertical 
strain  being  200,  wo  divide  a  h  into  200  equal  parts  and  thus 
obtain  a  scale,  which  applied  to  e  d,  gives  20  lbs.  as  the  hori- 
zontal strain  on  that  line,  that  is  to  say,  a  Salter's  balance 
l^tween  c  d,  showing  a  strain  of  20  lbs.,  would  support  the 
vertical  load  W  =  200  lbs. 

In  Fig.  35,  the  two  pillars  are  separated  simply  for  the 
purpose  of  analysis,  and  we  have  two  similar  pillars  F,  G,  &o,^ 
each  loaded  with  100  lbs.,  or  half  the  former  load.  The  strain 
shown  by  the  Salter's  balance  at  o  d,  acted  in  hoih  directions, 
therefore  substituting  weights  to,  w,  as  in  Fig.  35,  we  shall 
require  20  lbs.  for  each.  We  thus  find  that  a  beam,  as  in 
Fig.  33,  10  feet  long,  deflected  ^  foot  by  20  lbs.  will,  when 
unloaded,  react  with  20  lbs.,  and  cause  a  horizontal  strain  of 
100  lbs.  in  the  direction  of  the  arrows  0,  0,  and  as  shown  at 
W,  W  in  the  figure. 
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(137.)  From  this  we  obtain  a  general  law  connecting  the 
vertical  with  the  horizontal  strains,  and  we  find  that  if  we  take 
a  bar  of  any  given  length  resting  on  end-supports,  and  observe 
the  central  deflection  with  a  certain  transverse  central  load,  we 
can  escalate  the  equivalent  load  acting  longitudinally  and 
straining  the  same  bar  as  a  pillar  by  multiplying  the  transverse 
load  by  the  length  of  the  beam,  and  dividing  the  product  by  four 
times  the  deflection.  Thus,  in  our  case,  20  X  10  -r  (^  X  4)  = 
100 :  hence  we  have  the  general  rule : — 

(138.)  W  =  wxl-=-(3x4). 

In  which  W  =  the  load  on  the  pillar  in  lbs.,  tons,  &o. 

to  =  the  transverse  load  in  the  centre  of  the  same 

bar  and  in  the  same  terms  as  W. 
8  =  the  deflection  in  inches  produced  by  w. 
I  =  the  length  of  the  pillar  and  beam,  in  inches. 

(139.)  As  an  example  of  the  appL'cation  of  the  rule,  we  may 
take  a  pillar  of  Dantzic  oak,  say  1  inch  square  and  12  inches 
long.  Mr.  Hodgkinson  gives  as  the  result  of  his  experiments 
the  rule  24542  x  S*  -J-  L*  =  W  for  pillars  of  that  material  with 
both  ends  flat.  Here  24,542  lbs.  is  the  theoretical  breaking 
weight  of  a  pillar  1  inch  square  and  1  foot  long,  as  due  by 
flexure,  neglecting  incipient  crushing  (163).  Now,  by  Table  67, 
a  beam  of  Dantzic  oak  1  inch  square,  1  foot  between  supports, 
loaded  transversely  with  the  safe  or  working  load  of  71  lbs., 
deflects  *026  inch,  which  by  our  rule  (138)  is  equivalent  to 
71  X  12 -r(- 026  X  4)  =  8192  lbs.  longitudinally,  straining 
the  bar  as  a  pillar,  this  strain  being  in  the  centre  line,  or  the 
pillar  having  both  ends  pointed,  and  is  that  due  to  flexure  only, 
as  in  Mr.  Hodgkinson's  rule.  By  (149)  we  obtain  for  the 
same  pillar  with  both  ends  flat  8192  x  3  =  24576  lbs.,  which 
is  almost  exactly  24,542  lbs.  as  given  by  Mr.  Hodgkinson. 

(140.)  But  it  will  be  observed  that  we  have  taken  the  safe 
transverse  load  of  71  lbs.,  and  the  corresponding  deflection, 
whereas  Mr.  Hodgkinson's  rule  gives  the  breaking  weight.  It 
is,  however,  a  theoretical  law  with  pillars,  that  a  load  which 
will  produce  the  smallest  deflection  will  equally  produce  a 
greiter,  sufficient  to  break  the  pillar  by  flexure. 

Thus,  let  us  take  a  boam  of  any  material  whose  elasticity  is 
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perfect,  thai  is  to  say,  one  in  which  the  deflections  are  simply 
proportional  to  the  strains,  and  say  5  feet  or  60  inches  long, 
deflected  1  inch  by  10  lbs.  in  the  centre: — then  by  the  mle 
(138)  the  equivalent  load  as  a  pillar  will  be  10  x  60  -r  (1  X  4) 
=  150  lbs.  It  would  be  the  same  with  any  other  transverse 
load  and  corresponding  deflection ;  for  instance,  with  20  lbs.  in 
the  centre,  the  deflection  wonld  evidently  be  2  inches,  and  W 
would  be  20  X  60  -^  (2  X  4)  =  150  lbs.  as  before.  If  we  take 
an  extremely  small  deflection,  say  TT^^^th  of  an  inch,  the 
transverse  load  producing  that  deflection  would  evidently  be 
y^th  of  a  pound,  and  the  rule  would  give  '01  x  60  -r 
(•001  X  4)  =  150  lbs.  as  before. 

(141.)  This  fact  conducts  us  to  two  remarkable  laws : — 1st. 
As  the  smallest  possible  deflection  of  this  pillar  requires  a 
longitudinal  strain  of  150  lbs.  to  produce  it,  it  follows  that 
less  than  150  lbs.  would  not  produce  any  deflection  whatever, 
but  the  pillar  would  be  perfectly  rigid  and  unyielding  until 
that  load  was  laid  upon  it.  2nd.  That  as  150  lbs.  will  with 
equal  ease  produce  a  deflection  of  -n^th  of  an  inch — or  1  inch 
— or  any  other  amount,  it  follows  that  when  150  lbs.  are  laid 
on,  the  pillar  will  not  only  bend,  but  will  go  on  increasing  in 
flexure  until  it  breaks. 

(142.)  Such  is  the  theory ;  Mr.  Hodgkinson  found,  however, 
by  experiments  on  various  materials,  that  these  laws  do  not 
hold  good  in  practice,  and  that  instead  of  a  pilhir  showing  no 
signs  of  bending  until  a  certain  load  is  laid  on,  and  then 
suddenly  bending  and  breaking,  he  found  that  there  is  no 
weight,  however  small,  that  does  not  produce  a  slight  flexure, 
which  increases  progressively  as  the  load  is  increased  until  the 
breaking-point  is  attained. 

(143.)  Another  remarkable  result  of  Mr.  Hodgkinson's  ex- 
periments was,  that  the  deflection  of  a  pillar  on  the  point  of 
breaking  by  flexure  is  very  much  less  than  that  of  the  same  bar 
broken  by  a  transverse  strain.  For  instance,  a  pillar  of  Dantzio 
oak  If  inch  square,  and  5  *  04  feet  long,  broke  with  a  deflection 
of  *48  inch  only.  Calculating  the  ultimate  deflection  with  a 
transverse  load  by  the  rules  in  (695)  and  taking  the  value  of  M 
from  col  2  of  Table  67  at  •  198,  we  obtain  5-04"  x  •  198  -r  1*75 
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ss  2*9  inches,  or  about  6  times  the  nliimate  deflection  of  the 
same  bar  ^  a  pillar. 

A  pillar  of  wrought  iron,  10  feet  long,  and  practically  8x1 
inches,  failed  with  a  deflection  of  *  6  inch  only.  Calculating 
the.  deflection  nnder  a  transverse  load  for  the  ^'  crippling " 
strain  only  (378)  we  obtain  10*  x  -036-=-  1  =  8-6  inches,  or 
aboat  six  times  the  oltimate  deflection  as  a  pillar.  Bnt,  in  fact; 
the  ultimate  deflection  of  all  pillars  is  Tery  irregular  and  un- 
certain, for  example,  with  two  pillars  7^  feet  long,  8x1  inches, 
although  the  breaking  weights  were  nearly  the  same,  one  failing 
with  29,572  lbs.,  and  the  other  with  29,666  lbs.,  the  ultimate  de- 
flection was  *  89  inch  in  one  case,  and  *08  inch  only  in  the  other, 
the  ratio  for  two  precisely  similar  pillars  being  about  5  to  1. 

With  cylindrical  cast-iron  pillars  the  same  anomalies  were 
found  to  prevail,  the  ultimate  deflection  being  very  small,  and 
very  irregular. 

(144.)  With  materials  whose  elasticity  is  imperfect  (688)  the 
ultimate  deflection,  or  that  with  the  breaking  weight,  is  muck 
greater  in  proportion  to  the  load  than  the  deflection  with  a 
small  load  such  as  would  occur  in  practice,  as  is  shown  by 
■eol.  8  in  Table  67,  which,  combined  with  the  fact  that  the 
ultimate  deflection  of  pillars  is  very  small,  seems  to  show  that 
in  calculating  the  strength  of  a  pillar  from  the  transverse 
strength  and  stiflhess,  a  small  load  and  corresponding  deflection 
should  be  taken  as  a  basis,  rather  than  the  ultimate  deflection 
with  the  transverse  breaking  weight.  The  connection  between 
the  strength  of  pillars,  and  the  transverse  strength  and  deflection 
of  the  same  materials,  will  be  considered  more  at  large  in  (296). 

(145.)  *^ Effect  of  Diameter  and  Length" — We  may  now 
search  for  the  laws  by  which  the  diameter  and  length  of  pillars 
govern  their  strength. 

Ist  for  the  length : — say  we  take  the  same  beam  as  before 
(140),  but  of  double  length,  namely,  10  feet,  or  120  inches.  It 
is  shown  in  (659)  that  the  deflection  of  a  beam  loaded  trans* 
versely  with  a  constant  weight,  is  directly  proportional  to  the 
cube  of  the  length,  or  L': — ^in  our  case,  the  length  being 
doubled,  and  2*  being  =  8,  we  shall  have  8  inches  deflection,  or 
eight  times  the  deflection  due  to  the  length  of  1  foot    Then, 
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by  the  nile  in  (138)  the  equivalent  longitudinal  strain  as  a 
pillar  will  be  10  X  120 -f-  (8  X  4)  =  37-5  lbs.,  which  is  ith 
of  the  load  borne  by  the  pillar  5  feet  long.  Again,  the  deflec- 
tion of  a  beam  of  half  the  length,  or  30  inches,  would,  by  the 
isame  reasoning,  be  -1^  inch,  and  the  strength  as  a  pillar  10  x  30 
-T-  (i  X  4)  ^  6G0  lbs.,  which  is  four  times  the  strength  of  the 
5-foot  pillar,  and  16  times  the  strength  of  the  10-foot  pillar. 
We  thus  find  that  the  strength  of  pillars  is  inversely  proj/or- 
tional  to  the  aquare  of  the  length : — thus  with  lengths  in  the 
ratio  1,  2,  4,  the  strengths  are  in  the  ratio  1,  |-,  ^. 

(146.)  Searching  now  for  the  power  of  the  diameter  (or  side 
of  square  pillars)  : — say  we  take  a  beam  5  feet  long,  loaded  as 
before  with  10  lbs.,  &c.,  but  2  inches  square.  Then,  by  (659), 
the  deflection  with  a  constant  transverse  load  is  inversely  as 
<P  X  2»,  or  in  our  case,  2'  X  2  =:  16,  hence  the  deflection  of  the 
1-inch  beam,  being  1  inch,  that  of  the  2-inch  beam  will  be  ^th 
of  an  inch,  and  the  strengtii  as  a  pillar  10  x  60  -f-  (^  X  4)  = 
2400  lbs.,  which  is  16  times  150  lbs.,  the  strength  of  a  1-inch 
square  pillar  of  the  same  length. 

Again,  with  a  beam  of  the  same  length,  but  3  inches  square, 
we  have  3'  X  3  s  81»  and  instead  of  1  inch  deflection,  as  with 
a  beam  1  inch  square,  we  have  ^4^t  part  of  an  inch  with  the 
S-inch  beam,  and  the  strength  as  a  pillar  becomes  10  x  60  -^ 
(^  X  4)  or  10  X  60  X  81  -i-  4  =  12160  lbs.,  which  is  12150  -^ 
150  =  81  times  the  strength  of  the  same  pillar  with  a  length  of 
1  foot.  We  thus  find  that  the  strength  of  pillars  is  directly 
proportional  to  the  fourth  power  of  the  diameter,  or  side  of 
square,  for  1^  2^,  and  3^  =  1, 16,  and  81,  and  this,  as  we  have 
shown,  is  the  ratio  of  the  strengths  of  the  pillars  of  those 
respective  sizes. 

(147.)  Combining  these  results  we  find  that  the  strength  of 
pillars  is  proportional  to  d*  -^  L'.  By  the  same  reasoning  the 
strength  of  rectangular  pillars  will  be  proportional  to  d'  x  b  -r* 
L^  in  which  d  is  the  depth,  or  smaller  dimension  and  h  =  the 
breadth  or  greater  dimension  of  the  pillar. 

These  theoretical  laws  should  be  correct  for  all  materials, 
but  the  experimental  researches  of  Mr.  Hodgkinson  have  shown 
that  timber  pillars  alone  follow  those  laws  exactly.  Thus,  with 
cast-iron  pillars,  he  found  the  strength  to  be  proportional  to 
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^*™  -:-  li*'^  in  the  case  of  pillars  with  both  ends  pointed,  and  to 
^•»  -^  L^*'  in  those  with  both  ends  flat  :—for  practical  porpose^ 
a  mean  between  these  extremes  may  be  taken  for  all  modes  of 
bearing  at  the  ends,  and  we  obtain  the  law  cT  •  -f-  L*  ^  For 
wronght-iron  and  steel  pillars,  the  experimental  law  is  d"  -7-  L*. 

(148.)  The  effect  of  this  divergence  of  the  experimental  from 
the  theoretical  law  is  very  considerable : — thus,  if  the  strength 
of  a  pillar  1  inch  diameter  =1*0,  then  another,  of  the  same 
length,  &o^  but  6  inches  diameter,  wonld,  by  theory,  have  a 
strength  of  6^  =  1296,  whereas  by  the  experimental  ratio  it 
would  be  6"  =  638  only,  or  about  half. 

Again,  as  to  the  lengUi : — say  we  have  a  pillar  10  feet  long 
whose  strength  =  1*0,  then  the  same  pillar  with  a  length  of 
1  foot  would,  by  theory,  have  a  strength  of  10*  =  100,  but  by 
the  experimental  ratio  it  would  be  10^'^  =  50  only. 

It  will  be  seen  from  this  that  it  is  impossible  to  give  general 
*'  ratios  "  for  the  strengths  of  pillars  of  different  materials,  which 
will  be  correct  for  all  diameters  and  lengths.  Mr.  Hodgkinson 
has  given  a  series  of  numbers  as  the  ratios  of  strength  for  cast- 
iron,  wronght-iron,  steel,  and  timber  pillars,  but  these  are 
simply  misleading,  for  if  they  are  correct  for  a  particular 
diameter  and  length,  they  must,  of  necessity,  be  incorrect  for  all 
other  dimensions. 

(149.)  <*  Effect  of  Form  at  the  Ends:'-^ne  of  the  remarkable 
results  of  Mr.  Hodgkinson's  experimental  researches  was  to 
show  that  the  strength  of  pillars  is  potentially  governed  by  the 
character  of  the  bearings  at  their  ends :  it  was  found  that  a  long 
pillar  of  any  material  with  both  ends  flat  and  well  bedded, 
being  pressed  between  two  perfectly  parallel  planes,  had  a 
strengdi  8  times  that  of  a  similar  pillar  with  both  ends  pointed 
or  rounded,  so  thai  the  strain  was  exactly  in  the  axis.  It  was 
also  found  that  with  one  end  flat  and  the  other  pointed,  the 
strength  was  an  arithmetical  mean  between  the  other  two. 

We  have,  therefore,  the  ratios  1, 2, 3  for  the  strength  of  three 
similar  pillars — with  both  ends  pointed — one  end  pointed  and 
one  flat — and  both  ends  flat  respectively.  That  these  ratios  are 
practically  correct  may  be  shown  by  the  tables  in  this  chapter. 

Thus,  in  Table  44,  pillars  of  wrought  iron  7 '66  feet  long 
1*02  inch  diameter  failed  with   1825,  3855,  and  5280  lbs* 

H  a 
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respectively,  the  ratio  being  pretty  nearly  1, 2, 3.  Others  6*04 
feet  long  and  about  I '  02  inch  diameter,  ^iled  with  8938,  8137, 
and  12,990  lbs.  rcspectiyely,  which  is  rather  in  excess  of  the 
ratio  1,  2,  3. 

With  steel,  Nos.  28  to  30  in  the  same  table,  we  have  in 
col.  6  numbers  nearly  in  the  ratio  1,  2,  3,  which  would  have 
followed  the  law  almost  exactly  but  for  the  fact  that  Nos.  29 
and  80  required  correction  for  incipient  crushing  (163). 

For  Dantzio  oak,  in  col.  7  of  Table  67,  we  have  3197,  6109, 
and  9625  lbs.,  which  are  nearly  in  the  ratio  1,  2,  3. 

With  cast-iron  pillars  Table  88  shows  similar  results :  thus 
comparing  Nos.  1  and  13,  we  have  in  col.  6,  143  and  487  lbs., 
where  the  ratio  should  be  1  to  3 : — Again,  in  Nos,  2  and  14,  we 
have  1902  and  6238  lbs.  where  the  same  ratio  should  have 
prevailed.  In  these  cases,  however,  the  diameters  of  the 
pillars  compared  with  one  another  are  not  precisely  identical, 
which  may  accoimt  in  part  for  the  divergence  of  the  experiments 
from  the  standard  ratio  1  to  3. 

(150.)  It  will  be  evident  from  all  this,  that  it  is  highly 
expedient,  wherever  possible,  to  secure  flat  ends  for  pillars  : — 
with  cast  iron  this  is  easily  done  by  casting  sole-plates  at  both 
ends,  but  even  then  great  care  should  be  taken  that  they  are 
well  bedded  and  guarded  from  the  effects  of  unequal  settlement 
of  foundations,  <fec. 

Connecting-rods,  with  jointed  ends  as  usual,  must  be  regarded 
as  pillars  with  both  ends  pointed  (204). 

The  piston-rod  of  a  steam-engine  may  be  taken  as  a  pillar, 
flat  at  one  end,  where  it  is  connected  to  the  piston,  and  further 
steadied  by  the  gland;  the  upper  end  being  jointed  at  the 
cross-head,  is  assimilated  to  a  pillar  with  pointed  end. 

(151.)  "  Gast-iron  PiUara.^' — Mr.  Hodgkinson's  experiments 
have  supplied  very  full  information  on  the  strength  of  pillars 
of  cast  iron ;  for  solid  cylindrical  pillars  we  have  the  following 
general  rules : — 

(152.)  F  =  Mp  X  D*  •  -r  L^ '^ 

(163.)  D  =  »^  (F  X  L*'^  ^  Mp). 

(154.)  L  =  ^y  (Mp  X  D*  •  -r  F). 

(155.)  Mf  =  F  X  P^  -r  D*  •. 
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In  which  F 


L 

Mp 


the  breaking  weight  of  the  pillar  bj  flezo. 

in  Ibs^  tons,  &c.,  dependent  on  Mp. 
the  diameter  of  the  pillar  at  the  centre, 

inches, 
the  length  of  the  pillar  in  feet, 
constant  moltipli^,  the  Talne  of  which  itf 

in  Table  84. 


Tablb  84. — Of  the  Value  of  Mp,  being  the  Thbobstioal  Bbbak*s; 

Weight  of  Pillabs,  1  Foot  long. 


Cyllndrtcal  Plllan. 

Sqtuu«  and  RccUngaUr. 

ft 

VitferiaL 

Both 

One  Flat, 

Both 

Both 

OneFfao. 

Both 

Ends 

One 

Ends 

Knd* 

One 

l-jida 

Pointed. 

Pointed. 

Flat. 

Pointed.    Pointed. 

1 

Flat. 

Cast  Iron 

/IbB. 

\tOQ8 

33,000 

66,000 

99,000 

56.100  112,200168.300 

14-73 

29-46 

4419 

25           50 

75 

Wrouglit  IroD 

ribs. 

\ton8 

95.848 

197,700299,620162,900.336.0001498,500 

42-79 

88-26     133-8     72'74 

150         223 

8teel      ..     .. 

llbB. 

\tonfl 

108,500 

217,000325,500 184.400  368, 9001553, 300 

48-44 

96-88 

145-3 

82-35 

164-7 

247 

DantiicOak.. 

/Ibfl. 
\t<m8 

6,000 

12.000 

18,000 

9,000 

18,000 

27,000 

2-68 

5-36 

8-04 

4  02 

8-04 

1206 

Bed  Deal     . . 

jibs, 
lions 

5,333 

10,666 

16,000 

8,000 

16,000 

24,000 

2-38 

4-76 

714 

3-57 

714 

10-71 

Teak      . .     . . 

.     lbs. 

11,150 

22.300 

33,450 

16.730   33,460150,190 

Bed  Pine      . 

» 

8,520 

17,010 

25,560 

12.780  25,560  1  38.340 

Canadian  Oak 

n 

8,360 

16,720 

25,080 

12,540 

25,080 

87,620 

Denl     . .     . . 

»» 

7,933 

15.866 

23,800 

11.900   23.800 

35.700 

Ash      ..     •• 

n 

7,773 

15,546 

23.319 

11,660   23,320 

34.980 

Beerh  ..     .. 

n 

6,222 

12,444 

18,666 

9,333    18,666 

28,000 

Pitch  Pine  .. 

n 

5.600 

11,200 

16,800 

8,403   16,806  125,209 

English  Oak 

f 

5,440 

10,880 

16.320 

8,160   16,320 

24,480 

Biga  Fir      . . 

n 

5,200 

10,400 

15.600 

7,800   15,600 

2:^,400 

Larch.. 

n 

4,108 

8,216 

12,324 

6,162    12.324 

18,486 

Memel  Deal 

n 

4.087 

8,174 

12,261 

6,130   12,260 

18,390 

Elm     ..     .. 

n 

3,154 

6,308 

9,462 

4.731'    9,462 

14.193 

Willow 

n 

2,600 

5,200 

7,800 

3.902 

7,804 

11,706 

Cedar  ..     •• 

n 

2,247 

4,494 

6,741 

8,370 

6,740 

10,110 

(1) 

W 

(3) 

(*) 

(ft) 

(«) 

(166.)  "  Hollow  Cast-iron  FillarBy—YoT  hollow  pillars,  in- 
stead of  D*  •,  we  have  D"**  -  ^^^  in  which  D  =  the  external. 
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Table  85.— Of  the  Powers  of  NuMBERa  for  Pillars,  &c. 


N 


I 

.i 

n 

it 

;t 
I' 

ii 

It 

2} 


n 


I' 

it 
It 


Ni« 


1088 
2082 
3299 
4714 
6311 

•8077 
1 
1 
1 
1 
1 


2 
2 
2 
3 
8 
3 

4 
4 
4 
5 
5 
5 

6 
6 

7 
7 
7 
8 

8 

9 

9 

10 

10 

11 

11 
12 
12 
13 
13 
14 

14 
15 


N«« 


•00 

1- 

•21 

1^ 

•43 

1^ 

•66 

2- 

•91 

2- 

•18 

8^ 

•45 

4^ 

•73 

5 

•03 

6 

•34 

7' 

•66 

8- 

•00 

9- 

•33 

10- 

•«i8 

12- 

•04 

13^ 

•42 

15- 

•80 

17- 

•20 

19^ 

•60 

21- 

•00 

23- 

•42 

26- 

•84 

28- 

•29 

31  • 

•78 

33- 

•19 

36^ 

•64 

39- 

•1 

42- 

•6 

46- 

•1 

49- 

•6 

53^ 

•1 

67- 

•6 

61- 

•1 

65- 

•6 

69  • 

•2 

74- 

•7 

79- 

•3 

83- 

0272 
0781 
1650 
2946 
4733 

•7067 
00 
36 
79 

28 

87 

54 
28 
13 
06 
08 
28 

50 

8 
3 

8 
6 

4 

4 
4 
6 
0 
4 
1 

8 
7 
7 
9 
4 
8 

6 
6 
5 
7 
7 
5 

1 

9 


N»« 


-0068 

0293 

0825 

1842 

•3550 

6184 


1 
1 
2 
3 
4 


00 
53 
20 
15 
30 


574 
750 
961 
121 
15-1 
18-5 

22^5 
271 
323 
38-2 
44^8 
52-2 


60' 
69 
79' 
90' 
103" 


5 
6 

8 
9 
0 


116 

131 
147 
164 
183 
203 
225 

248 
273 
300 
328 
359 
891 

426 
463 


N 


5i 

6 

n 

6| 
?* 

7i 

;t 

?! 

It 

n 

8| 

I' 

St 

lOJ 

loi 
lof 
11 

111 

111 
12 


Ni*« 


15 
16 
17 
17 
18 
18 

19 
20 
20 
21 
21 
22 

23 
23 
24 
25 
25 
26 

27 
27 
28 
29 
HO 
30 

31 
32 
32 
33 
34 
35 

35 
86 
37 
38 
39 
89 

41 
42 
44 
46 
48 
49 

51 
53 


8 
4 
0 
6 
2 
8 

8 
0 
6 
2 
8 
5 

2 

8 
5 
1 

8 

4 

1 

8 
5 
2 
0 
6 

4 
2 
9 
6 
4 
1 

9 
7 
4 
2 
0 
8 

3 

9 
7 
4 
1 
8 

5 
3 


Nt« 


89^1 
941 
100 
105 
111 
117 

123 
130 
186 
143 
150 
157 

165 
172 
181, 

188 
196 
205 

214 
223 
282 
241 
251 
260 

270 
281 
292 
302 
813 
825 

337 
848 
360 
373 
385 
898 

423 
452 
480 
510 
541 
673 

605 
640 


N»« 


502 
543 
587 
633 
685 
733 

787 
844 
904 
967 
1033 
1102 

1175 
1251 
1330 
1413 
1500 
1590 

1685 
1783 

1882 
1992 
2102 
2218 

2338 
2462 
2591 
2724 
2863 
3007 

3158 
3310 
3470 
3634 
3805 
3981 

4351 
4746 
5165 
5611 
6083 
6584 

7115 
7675 
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md  d  s:  the  internal  diameter,  and  the  rest  being  as  before,  w^ 
have  the  roles : — 

(167.)  F  =  Mp  X  (!)»••-  O  -r- 1-*"^. 


(168.) 
(169.) 


Mp  =  Px  L»'^^(D»*-<P*)- 


It  should  be  dearly  understood,  that  these  mles  giro  the 
breaking  load  of  long  flexible  pillars,  or  those  whose  length  is 
80  great  in  proportion  to  their  diameter,  that  they  will  fail  by 
bending  simply.  Short  pillars  require  correction  for  ''In- 
cipient Crushing,''  as  explained  and  illustrated  more  folly 
in  (163). 

(160.)  Tables  36, 36  giro  the  3  *  6  and  1  *  7  powers  ofnumbers 
to  facilitate  calculations  of  the  strength  of  solid  and  hollow 
pillars  of  cast  iron,  wrought  iron,  and  steel: — Thus,  say  we 

Table  86 — Of  the  1*7  Poweb  of  Nuitbebs  for  CALCULATiNa  the 

StBENOTH  of  PiLLABS. 


LeMth. 

Li*^ 

Length. 
IT 

lA'i 

Length. 

l: 

n? 

0-8 

•129 

4 

10*56 

15 

99-8 

0-4 

•211 

!! 

11-70 

16 

111-4 

0-5 

•308 

12  90 

17 

123-5 

0-6 

•420 

H 

1414 

18 

136  1 

0-7 

•M5 

6 

15*43 

19 

149-2 

0-8 

•684 

H 

18  14 

20 

162-8 

0-9 

•836 

6 

21*03 

21 

176-9 

10 

1-00 

6» 

24-10 

22 

191-5 

11 

146 

7 

27-38 

23 

206-5 

1» 

1-99 

7* 

80-78 

24 

222 

If 

2-59 

8 

8480 

25 

238 

2 

8-25 

H 

88^02 

26 

254 

3 

8-97 

9 

41^90 

28 

286 

4-76 

^ 

45-94 

SO 

324 

2f 

5^58 

10 

50-10 

82 

362 

8 

6-47 

11 

58-94 

84 

401 

8i 

7-42 

12 

68-83 

86 

442 

n 

841 

13 

78-29 

88 

485 

946 

14 

88-80 

40 

529 

104 
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Table  ST.^Of  the  Stbenoth  of  Solid  and  Hollow  Tillamb 

Bed-plates,  or  by  Sole-plates 


?rattb« 

tre, 

ichefl. 

Thick- 
ness of 
MetaL 

Crashing 

Weight 

due  to 

Area, 

Length  of  tlM 

DUmet4 

«    II     t     1     .     , 

Cen 
in  in 

Breaking  Weight 

!         1 

in  Tons. 

1 

4 

1 

7^0 

S 

1 

Oiitslde. 

Inside. 

n 

•  • 

76 

12-4 

12-4 

90 

90 

7^0 

6-6 

56 

n 

•  1 

103 

21 

•4 

21 

•4 

15-7 

15 

•7  12-2 

12 

•2 

9-7 

9^7 

2 

•« 

135 

34 

•6 

34 

•6 

25^3 

•25 

•3;i9-7 

19 

•7 

15-7 

157 

21 

■• 

171 

53 

•050 

•a 

38^7 

38 

•7 

300 

30 

•0 

24-0 

240 

2i 

•• 

211 

77 

•4  69 

•7 

56^756 

•4 

440 

44 

•0 

35-0 

350 

21 

•• 

255 

80-075 

•6 

620 

62 

•0 

49-7 

49^7 

8 

•  • 

804 

85-0 

83 

•1 

67-3 

673 

8 

2 

169 

65^4 

57 

•7 

520 

49-4 

81 

2J 

203 

•     i 

104   68 

•7 

83^0 

71-4 

4 

8 

236 

154110 

•0 

123 

96-6 

4* 

31 

270 

173 

124 

41 

3 

880 

224 

168 

5 

4 

803 

234 

154 

5 

31 

429 

307 

209 

6 

5 

874 

895 

218 

6 

41 

533 

528 

303 

6 

4 

1 

677 

629 

375 

7 

61 

537 

724 

845 

7 

61 

655 

827 

411 

7 

5 

1 

812 

1003 

504 

8 

6i 

624 

8 

61 

735 

8 

6 

1 

946 

9 

71 

835 

9 

7 

1 

1080 

9 

61 

1| 

1307 

10 

81 

937 

10 

8 

1 

1212 

10 

71 

1) 

1475 

12 

101 

1135 

12 

10 

1 

1484 

12 

91 

!i 

1810 

• 

12 

9 

2124 
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of  Cast  Tbon,  tbe  ends  being  Flat  and  well  supported  hj  Iron 
cast  on  both  ends. 


Pillar,  in  Feet. 


10 


12 


II    '«    II    '»    I 


18 


ao 


iATODf. 


i 


&\ 


t 


"^1 


t 


& 


s 

ft* 


1; 


^  t 


0) 


<& 


M 


1 

as 


12-7 

19-4 
28-4 


12-7 

19-4 
28*4 


40-0.40-0 


55055-0 
42-0420 
67-062-3 


99-0 
140 
181 

190 
248 
819 

427 
508 
585 

670 
811 


•• 
•• 

•• 
•• 

•• 
•• 


84-3 
110 
151 

136 
187 
199, 

275! 
338, 
318 

878 
464 


•  • 
•• 

•• 

•  • 


10-6 

16  2 
23-8 
33-6 


46- 
85- 
56-0 


830 
118 
152 

159 

208 
268 

859 
428 
490 

563 
682 
718 

824 
1012 
1224 

1427 
1654 
1551 

1932 
2777 
2578 

3250 
3841 
4:J57 


10-61 

16-2 
23-8 
33-6 


46- 
35- 
54-8 


75-1 

99-2 

133 

125 
169 

182 

252' 
309 
215^ 

850 
429 
378 

440 
556 
543 

689 
943 
645 

823' 
993 
835 

1106 
1337 
1556 


33-833-8 
260  260 
41-341-3 

60-760-7 

87-080-7 

112-0  108 


117 
153 
197 


103 
188 
154 


31-631-6  25-325-3 


264  212 


315 
862 


259 
254 


413  300 
501  867 
528  831 


607 
743 
855 


I 


386 
484 
482 


1050  610 
1219  725 
1140  579 


46-946-9 
66-066-0 
86-086-0 

89 -085 -8 
117  114 
151  131 


37-6  37" 
53-2  53 


202 
240 
276 

316 


178 
217 
218 

256 


383  313 


403 

464 
568 
651 

802 
931 
871 


1421  738  1087 
1660  885' 1270 
1892  783:1448 


289 

335' 
42lj 
425 

537 
639 
519 

659 


68-6.68*6 


71 
93 


8,71" 
9  93 


121 

162 
193 
222 


112 

153 
186 
191 


253'  223 
308|  278 
323  255 


372 
457 
524 

643 
748 


296! 
37l| 
380| 

4781 
5671 


698  467 


871 


7^2|1018 
715  1160 


593 
709 
654 


23901014  1826  922  1464  843 
28251223  21601110  1730  1013 
3205  1418  2448  1287  il963;il71 


264 

304 
372 
427 

524 
608 
572 

711 
831 


225 

261 
32r, 
339 

424 
501 
412 

532 

633 


948  598 


1195 


768 


1412  923 
1-  02I  iuo:^ 


>• 


222  201 

253'  232 

310  288 

356  803 

433'  879 

507  446 

476|  378 

593  478 

693  568 

792  547 

997  701 

117»  841 

iMl  9ti9 


LOtt  OAST-IBOM  FILLABS. 

have  a  cast-iron  pillar  6  incbes  diameter  externally,  and 
5  inches  internally,  therefore  ^  inch  thick,  and  14  feet  long, 
mth  both  ends  flat. 

From  Table  84  the  valne  of  Mp  =  44*  19,  say  44  tons ;  from 
Table  85,  coL  4,  the  Talne  of  6'''  =  688,  and  of  5' ">  =  828 ; 
&om  Table  86  we  obtain  88*8,  say  89,  for  the  yalne  of  L^"'  or 
14*  ^  Then  the  breaking  weight  by  flezore  by  rule  (167) 
becomes  44  x  (688  -  828)  -r  89  =  161  tons,  which  being  due 
to  flexure  only,  will  require  correction  for  incipient  crushing  as 
shown  by  (168).  Table  87  gives  the  breaking  weight  of  solid 
^d  hollow  pillars  of  cast  iron  from  Ij^  to  12  inches  diameter, 
and  from  6  to  20  feet  long,  calculated  in  the  way  we  haye 
illustrated,  the  result  being  there  entered  as  due  to  flexure^ 
which  is  corrected  for  incipient  crushing  in  the  next  column 
^hen  necessary.  The  breaking  weight  due  to  flexure  is  thus 
given  separately  in  order  to  adapt  the  table  to  conditions  other 
than  those  where  the  pillar  is  flat  at  both  ends:  thus,  the 
pillar  which  we  have  found  to  have  a  strength  of  151  tons 
when  both  ends  were  flat,  would  bear  only  151  -4-  8  =  50  tons 
with  both  ends  rounded,  and  50  x  2  =  100  tons  when  one  end 
is  flat,  and  the  other  rounded,  &c.,  correction  being  made  for 
incipient  crushing  in  all  cases  where  necessary  (168). 

(161.)  Table  88  gives  a  selection  of  all  the  more  important 
experiments  of  Mr.  Hodgkinson  on  solid  and  hollow  pillars  of 
cast  iron,  and  in  order  to  show  the  correctness  of  the  rules  in 
(151),  col.  9  has  been  calculated  by  them,  the  value  of  Mp 
being  taken  from  Table  84.  In  coL  7  these  results  are  cor- 
rected where  necessary  for  incipient  crushing  by  the  method 
explained  in  (168),  the  value  of  C,  or  the  crushing  strain 
being  taken  at  49  tuns,  or  109,760  lbs.  per  square  inch,  this 
being  the  strength  of  the  particular  iron  used  by  Mr.  Hodgkin- 
son, as  found  by  him  from  direct  experiment.  'The  mean 
crushing  strength  of  British  cast-iron  is  48  tons,  as  shown  in 
(182),  and  this  value  should  be  used  in  ordinary  cases.  In 
ool.  8  we  have  given  the  error  or  diflisrenoe  between  the 
calculated  and  experimental  results : — the  sum  of  all  the  + 
errors  is  168,  and  of  all  the  —  errors,  141*7 ;  hence  we  have  as 
a  general  average  result  of  the  forty  experiments  (168  —  141*7) 
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-^  40  ae  -f  0*682,  or  ^  per  cent.  only.  It  will  also  be  obeerved 
that  the  range  of  the  error  is  nearly  equal,  the  greatest  + 
error  being  +  19*8,  and  the  greatest  —  error  is  ^  22*1  per 
cent  (959). 

(162.)  As  an  example  of  the  application  of  the  roles  in  (167) 
to  cases  where  exact  results  are  required,  as  in  Table  88,  we 
will  take  No.  85,  in  which  D  =  2*01  inches,  d  =  1*415  inch, 
and  L  =  7*895  feel  We  require  logarithms  for  working  these 
rules;  then  for  !)■••  we  have,  log.  of  2*01  =  0*803196  x  8*6 
a  1*091505,  the  natural  number  due  to  which,  or  12*85,  is  the 
8*6  power  of  2*01.  Similarly,  for  cP**,  we  have  log.  of  1*416 
s  0*150756  X  8*6  =  * 542721,  the  natural  number  due  to 
which,  or  8*49,  is  the  8*6  power  of  1  *415.  For  the  1*7  power 
of  L,  we  have  log.  of  7*895  =  0*868988  x  1*7  =  1*477194, 
the  natural  number  due  to  which  is  80.  The  value  of  Mp  from 
Table  84,  for  pillars  with  both  ends  flat,  as  in  our  case,  is 
99,000 :  with  these  data,  the  rule  in  (157)  gives  99,000  x 
(12*85  -  8*49)4-80  »  29230  lbs.  as  in  cols.  9  and  7;  cor- 
rection for  incipient  crushing  not  being  necessary  in  this  case. 

IKOIPIENT  OBUSHIKO. 

(168.)  If  we  calculate  the  strength  of  a  series  of  pillars  with 
a  progressively  diminishing  length,  the  calculated  strain  in- 
creases as  the  length  is  reduced  until  it  eventually  becomes 
greater  than  the  absolute  crushing  strength  of  the  materiaL 
Obviously,  the  pillar  cannot  sustain  a  load  greater  than  the 
crushing  strain  due  to  the  area  of  the  section : — ^there  is  there- 
fore a  limit  to  the  shortness  of  pillars,  beyond  which  the  rules 
in  (151)  do  not  apply  without  correction.  It  might  be  supposed, 
that  down  to  a  certain  length,  the  pillar  would  break  simply  by 
flexure  with  the  strain  given  by  the  rules,  and  that  witii  any 
length  less  than  that,  the  breaking  weight  would  be  simply  the 
crushing  strain  due  to  the  area  of  the  section  and  the  specific 
strength  of  the  material,  irrespective,  therefore,  of  any  further 
reduction  of  length.  But  Mr.  Hodgkinson  found  tiiat  long 
6efore  that  length  was  reached  there  was  a  fidling  off  in  the 
Strength  of  long  pillars,  and  he  was  led  to  the  following 
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Table  88. — Of  Expebiments  on  Solid  And 


Form  of  Ends. 

Diameter. 

Length. 
Feet. 

No.  of 
Experi- 

ment. 

EztemaL 

Internal. 

f  Cvm 

1 

Two  ends  round  .. 

0 

'5 

•  • 

5-04 

2 

n 

0 

•99 

•• 

99 

8 

M 

1 

•52 

•« 

19 

4 

f% 

1 

'96 

•• 

«• 

5 

n 

0 

5 

•• 

2-52 

6 

n 

0 

99 

•• 

•9 

7 

n 

1 

52 

•• 

»♦ 

8 

n 

0 

5 

•• 

1-26 

9 

tt 

0 

•99 

•• 

9t 

10 

91 

0 

497 

•• 

0-63 

11 

t» 

0 

77 

•• 

t« 

12 

»» 

0 

5 

•  • 

0  815 

13 

Two  ends  flat      •• 

0 

51 

•• 

5-04 

14 

n 

0 

997 

•  • 

n 

15 

It 

1 

56 

•  • 

}i 

16 

n 

0 

5 

•  • 

2-52 

17 

99 

1 

•01 

•• 

»» 

18 

n 

0 

51 

•• 

1-26 

19 

99 

1 

00 

•• 

99 

20 

99 

0 

5 

•• 

0-63 

21 

99 

0 

•777 

•• 

99 

22 

99 

0 

5 

•  • 

0-315 

23 

}* 

0 

52 

•  • 

0  1667 

24 

f9 

0 

52 

•  • 

0- 08333 

25 

Two  ends  round  .. 

1" 

78 

1-21 

7-56 

26 

99 

2 

01 

1-415 

99 

27 

99 

2- 

24 

1-735 

99 

28 

*9 

2 

49 

1-89 

99 

29 

M 

2 

74 

2155 

M 

80 

ft 

8 

01 

2-48 

99 

31 

19 

8 

86 

2-63 

99 

82 

99 

1- 

78 

1-21 

4-75 

S3 

99 

1 

85 

1-36 

2-583 

84 

Two  ends  flat      •• 

1 

78 

1-21 

7-395 

85 

99 

2 

01 

1-415 

99 

86 

If 

2 

23 

1-54 

y* 

87 

99 

1- 

26 

0-767 

2-5208 

88 

99 

1 

16 

0-7705 

1-917 

89 

9« 

1 

•16 

0-932 

1-2604 

40 

99 

113 

•91 

0  7833 

(1) 

(2) 

(3) 

W 

(6) 
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Hollow  Cylindbical  Pillars  of  Cast  Iron. 


Brraktng  Wdgbt. 

Calculated 
Bnaklng 

OalcuUted 
Crushtng 

No.  of 

^y  Expert* 

nient. 

Lb6. 

By  GalcalaUon. 

WelKlit  by 
in  AT  iiT* 

Strain  due  to 
Area. 

Experi- 
ment. 

Lbs. 

Error  per  Cent. 

V IRTA  UA  0« 

F. 

143 

172 

+19-8 

172 

21,550 

1 

1,902 

2,036 

+  7 

1 

2,036 

84.490 

2 

10,861 

9,531 

-12 

2 

9.531 

199,200 

8 

24,291 

23,800 

-  2 

•0 

23,800 

881,200 

4 

539 

558 

+  8 

5 

558 

21,550 

5 

6,105 

6.613 

+  8 

3 

6,613 

84,490 

6 

82,531 

80,900 

-  4 

8 

80,960 

199,200 

7 

1,904 

1,812 

-  4 

•8 

1,812 

21,550 

8 

19,752 

21,390* 

+  8 

•8 

21,480 

84,490 

9 

5,262 

5,703* 

+  8 

•4 

5,842 

21,300 

10 

22,948 

21,685* 

-.  5 

5 

28,250 

51,110 

11 

15,107 

11,770* 

-22 

•1 

19,440 

21,550 

12 

487 

560 

+  15 

•0 

560 

22,420 

13 

6,238 

6,260 

+  0 

3 

6,260 

85,690 

14 

28,962 

81,370 

^  8- 

8 

31,370 

209,800 

15 

1,662 

1.672 

+  0 

1 

1.672 

21,550 

16 

i 

20,310 

21,300 

+  4 

9 

21,300 

87,930 

17 

6,764 

5,915 

-12 

5 

5,915 

22,420 

18 

40,250 

43,800* 

+  8 

8 

66.780 

86,210 

19 

11,255 

11.250* 

0 

0 

17,650 

21.550 

20 

82,007 

85,990* 

+12 

7 

87.485 

52.040 

21 

17,468 

16,870* 

-  3 

4 

58,270 

21,550 

22 

22,867 

21,420* 

-  6" 

8 

197,500 

23,310 

23 

24,616 

22.996* 

-  6 

6 

1,281,000 

23,310 

24 

5,585 

6,340 

+  18 

5 

6,340 

148,000 

25 

8.357 

9.386 

+  12 

8 

9,386 

175,700 

26 

13,341 

11,610 

-13 

0 

11,610 

173,100 

27 

19,855 

17,800 

-10 

4 

17,800 

226.500 

28 

27,883 

23,090 

-17 

2 

23,090 

246,900 

29 

26.707 

28.090 

+  5- 

2 

28,090 

819,400 

80 

50,477 

48,710 

-  3' 

5 

48,710 

877.000 

81 

18.693 

13,970 

+  2 

0 

13,970 

148,000 

82 

83,763 

82,030 

-  7' 

9 

82,030 

135.600 

33 

17,840 

19,750 

+10- 

7 

19.750 

148.000 

34 

28,353 

29.230 

+  8 

4 

29,230 

175.700 

85 

40,569 

43,580 

+  7- 

4 

43,580 

224,200 

36 

83.679 

32.380* 

-  3 

8 

89,330 

85,600 

87 

80,383 

80.450* 

+  0 

2 

43,070 

64,830 

88 

26,729 

27,480* 

+  2 

•8 

62,120 

41.120 

89 

84,037 

82,100* 

-  5-7 

141,060 

38,690 

40 

1 

(») 

(a) 

(») 

(10) 

0) 
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reasoning  as  to  the  oanse.  Considering  the  pillar  as  having^ 
two  functions,  one  to  support  the  direct  crushing  weight,  and 
the  other  to  resist  flexure;  when  the  pressure  necessary  to 
break  the  pillar  is  very  small  becanse  of  its  great  length  in 
proportion  to  its  diameter,  then  the  whole  strength  of  the 
material  may  be  considered  as  employed  in  resisting  flexure. 
When  the  breaking  weight  is  half  of  that  required  to  crush  the 
material,  one  half  only  of  the  strength  may  be  considered  as 
available  for  resistance  to  flexure,  the  other  half  being  em- 
ployed in  resisting  crushing.  When,  through  the  shortness  of 
the  pillar,  the  breaking  weight  is  nearly  equal  to  the  crushing 
strain,  we  may  consider  that  no  part  of  the  strength  of  the 
pillar  is  applied  to  resist  flexure,  &c.  It  was  found  by  experi- 
ment, that  when  the  load  on  a  pillar  was  i  only  of  the  crushing 
btrain,  there  was  a  sensible  faJling  off  in  the  strength  as 
calculated  by  the  rules  in  (151),  due  therefore  to  ^  Incipient  *' 
rather  than  ah$olute  Crushing. 

As  the  combined  result  of  reasoning  and  experiment,  Mr. 
Hodgkinson  gives  the  rule : — 

(164.)  Po  =  FxCp-5-(P  +  }Cp). 

In  which  F  =  the  breaking  weight  by  flexure  as  due  by  the 

rules  in  (151)  (156),  &C. 
Op  =  the  crushing  strain  due  to  the  area  of  the 

section    and    the    specific    strength    of   the 

material 
Po  =  the  reduced  actual  breaking  weight ;    all  in 

the  same  terms. 

This  rule  requires  some  caution  in  its  application ;  where  F 
is  less  than  ^  Cp,  the  effect  of  it  would  be  to  make  the  cal- 
culated strength  greater  than  F.  Now,  the  strength  of  a  pillar 
can  never  be  greater  than  is  due  to  flexure,  hence  there  is  a 
limit  beyond  which  the  rule  must  not  be  applied : — ^when  F  ii 
exactly  \  Cp,  the  effect  of  the  rule  is  ml:  when  F  is  greater 
than  \  Cp,  tiie  rule  is  necessary,  and  will  reduce  the  calculated 
strength  of  the  pillar  as  due  by  flexure :— when  F  is  less  than 
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4  Cp  the  mlo  will  give  the  erroneous  result  of  making  Pg 
greater  than  F. 

Thus,  say  Cp  =  80  and  P  =  20,  or  exactly  {  Op ;  then,  80  x 
•76  =  60,  and  the  rule  (164)  gives  Po  =  20  x  80  -J-  (20  +  60) 
=  20,  or  the  same  value  as  F,  the  effect  of  the  rule  being  nil. 
Again,  say  Op  =  80,  F  =  10,  then  Pq  =  10  x  80  4-  (10  +  60) 
=  11*43,  which  is  greater  than  10,  or  the  value  of  F,  and  is 
impossible,  showing  that  the  rule  has  been  applied  in  a  case 
where  it  was  not  admissible.  Again,  say  F  =  80,  and  Op  =  80 
as  before:— then  the  rule  gives  Po  =  30  x  80  4-  (30  -f  60)  = 
26*67  tons,  which  is  less  than  80,  the  value  of  F,  and  is  a 
correct  result. 

(165.)  We  may  now  search  for  the  lengths  of  pillars,  with 
which  the  correction  given  by  this  rule  becomes  nil,  which  will 
happen  when  the  length  is  such  that  F  or  the  breaking  weight 
by  flexure  is  ^  Op. 

The  mean  crushing  strain  of  cast  iron  is  48  tons  per  square 
inch  as  given  in  (132) ;  a  pillar  1  inch  diameter  will  be  crushed 
with  48  X  '7854  =  33*73  tons,  and  the  required  length  of 
pillar  will  be  that  which  breaks  by  flexure  with  33*77-7-4  = 
8*44  tons.  For  pillars  with  both  ends  pointed,  the  value  of  Mp 
as  given  by  Table  34,  is  14*73  tons,  and  the  rule  (154),  namely, 
L  =  ^y  (Mp  X  D***  -7-  W),  becomes  in  our  case  (14*73  x  1  4- 
8*44)^^  »  1*387  feet,  or  16*64  inches.  The  length  with 
which  the  correction  beoomes  nil  is  therefore  in  this  case  16  *  64 
times  the  diameter.  Similarly,  with  one  end  flat,  and  the  other 
pointed,  the  value  of  Mp  being  in  that  case  29*46  tons  by 
Table  34;  we  have  (29*46  x  14- 8*44) '^  =  2*086  feet,  or 
25  inches,  the  length,  being  thus  25  times  the  diameter.  With 
both  ends  flat  Mp  =  44*19  tons,  and  the  length  comes  out 
(44*19  X  14-8*44)*:^  =  2*648  feet,  or  31*78  inches,  the 
length  being  thus  31  *  78  times  the  diameter. 

(166.)  Mr.  Hodgkinson,  adopting  49  tons  per  square  inch  as 
the  crushing  strain  of  the  particular  iron  used  in  his  experi- 
ments,  gives  the  length  at  15  times  the  diameter  for  pillars 
with  both  ends  pointed,  and  30  times  the  diameter  in  those 
with  both  ends  flat 

These  ratios  are,  however,  not  constant  for  all  diameters,  as  is 
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shown  by  Table  89,  which  has  been  calonlated  for  oaai-iron 
pillars  by  the  rule : — 

(167.)     Ld  =  ^;y (Mp  X  ly* -r i Cp)  X  12 ^ D. 

In  which  Ld  =  the  length  in  terma  of  the  diameter  with  which 
correction  for  incipient  crashing  is  nil ;  Op  =  the  crushing 
strain  due  to  the  area  of  section  and  the  specific  crashing  strength 
of  cast  iron,  or  43  tons ;  Mp  ==  the  moltiplier  for  pillars,  given 
by  Table  84 ;  and  D  =  the  diameter  in  inches.  This  table 
shows  that  the  ratio  of  length  to  the  diameter  is  redaced  as  the 
diameter  is  increased,  in  the  case  of  cast  iron  considerably,  and 
still  more  so  with  wrooght-iron  pillars  (202). 

Table  89. — Of  the  Length  op  Ctlindrtcal  Pillars,  in  terms  of 
the  Diameter  with  which  correction  for  "Incipient  Crushing** 
becomes  nil. 


Diameter. 

2  Ends 
Pointed. 

1  Flat. 
1  Puiutcd. 

2  Ends  Flat. 

Oas' 

r  Ibon. 

1 
2 
8 
6 

16-64 
16-08 
15'60 
14  •y8 

25-04 
24-01 
23-48 
22-55 

81-78 
30-47 
29-78 
28-60 

Wrocoht  Iron. 

1 
2 
3 
6 

40-64 
35-35 
32-62 
28-40 

58-37 
50-75 
46-87 
40-79 

71-85 
62-fiO 
67-68 
50-22 

Steeu 

1 
2 
3 
6 

26-14 
22-73 
20-98 
18-27 

86-96 
32  15 
29-68 
27-04 

45-26 
88-87 
36-34 
83  12 
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(168.)  Afl  an  example  of  the  applioafcion  of  the  role  (164)  we 
may  take  the  pillar  6  incbes  diameter,  ^  incb  thick,  and  14  feet 
long,  which  we  found  in  (160)  to  break  by  flexure  with  151  tons. 
By  a  table  of  areas,  6  inches  =  28  *  8,  and  5  inch  =  19*6,  hence 
the  area  of  the  annnlns  =  28*3  —  19*6  =  8*7  sqaare  inches, 
and  the  mean  crushing  strength  of  cast  iron  being  43  tons  per 
sqnareinch  (182\we  obtain  8*7  x  43  =  374  tons  for  the  valae 
of  Cp,  and  374  x  }  =  280  for  |  Op.  llien  the  role  (164) 
becomes  Pc  =  151  x  374  -7-  (151  +  280)  =  181  tons,  the 
rediiced  breaking  weight. 

(169.)  The  fact  (164)  that  the  correction  for  incipient  crufthing 
is  necessary  for  those  cases  only  where  F  .is  greater  than  ^  Op, 
supplies  an  easy  method  of  finding .  beforehand  where  it  is 
required,  so  as  to  save  the  labour  of  going  through  the  whole 
calculation.  Thus,  taking  No.  34  in  Table  38,  col.  10  gives 
148,000  lbs.  for  the  yalue  of  Op,  then  f  Op  becomes  148000  -7-  4 
=  37,000 ;  by  col.  9,  F  =  19750  lbs.,  which  is  less  than  J  0, 
therefore  the  correction  for  incipient  crushing  is  not  necessary, 
and  the  breaking  load  of  the  pillar  is  simply  that  due  by 
flexure.  Again,  in  No.  40,  col.  10  gives  Op  =  38690  lbs.,  J  0,. 
becomes  88690  -r  4  =  9672  lbs.,  but  F  by  col.  9  is  141,060  lbs , 
which  being  greater  than  ^  Op,  requires  correction  by  the  rule 
in  (164)  by  which  we  obtain  32,100  lbs.  for  the  reduced  breaking 
lend,  as  in  col.  7. 

The  effect  of  the  application  of  this  rule  is  in  some  cases 
remarkably  great :  for  instance  in  Table  55,  No.  9,  ooL  9  gives 
10,750,000  lbs.  for  the  value  of  F,  but  Po  =  79380  lbs.  only  by 
col.  7,  or  riyth  of  F. 

The  rule  for  incipient  crushing  applies  not  only  to  oast-iron 
pillars,  bat  equally  to  all  other  materials.  It  is  used  for 
wrought  iron,  steel,  and  timber  in  Tables  44, 57,  and  its  correct- 
ness is  proved  by  the  general  agreement  of  the  calculations 
with  the  experimental  results  as  shown  by  (959)  and  Table  150, 
that  agreement  being  to  a  great  extent  due  to  the  use  of  the 
rule. 

(170.)  «  Square  Pillars  of  Cast  Iron."— It  is  shown  in  (369)  that 
the  theoretical  ratio  of  the  strengths  of  sqnare  to  round  bars, 
either  as  pillars  or  boams,  is  1*7  to  1*0,  but  the  experimental 
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ratio  for  beams  of  cast  iron  is  1*5  to  1*0  (361),  and  we  might 
suppose  that  the  same  ratio  would  apply  to  pillars  also,  but  tlie 
experiments  we  have  seem  to  show  that  the  theoretical  ratio  is 
more  correct.  Admitting  the  theoretical  ratio  1  *  7  to  1  *  0  we 
obtain  for  square  and  rectangular  pilars  the  modified  values  of 
Mp  in  Table  84.  Putting  S  for  the  side  of  the  square  and  the 
rest  as  in  (151),  we  have  the  following  general  rules  for  the 
resistance  of  square  pillars  of  cast  iron  to  flexure,  irrespcctiye  of 
incipient  cmshing  (1G3).     For  solid  square  pillars:^ 

(171.)  F  =  r/p  X  s»« -T- L» -^ 

(172.)  S=  V(FxL»-'-T-Mp). 

(173.)  L  =  ^;^(Mpx8»«^F). 

In  which  8  =  the  side  of  the  square  pillar,  and  the  rest  as  in 
(155).     For  hollow  pillars  these  rules  become 

(174.)  F  =  Mp  X  (S»«  -  ^•••) ^  I.*-'. 

(175.)  (S*  •  -  O  =  F  X  L'-'  -4-  M  ., 

(176.)        L  =  ';y  {Mpx(S*-^-0-t-f}. 

In  which  S  =  the  side  of  the  square  externally,  s  =  the  side 
of  the  square  internally,  and  the  rest  as  before,  in  (155). 

(177.)  **  Bectangular  Pillurs  of  Cast  Iron,** — A  rectangular 
pillar,  other  than  square,  will  fail  by  bending  in  the  direction  of 
its  least  dimension,  and  in  that  case,  the  strength  will  be  simply 
proportional  to  the  breadth  or  greatest  dimension.  For  long 
pillars  fuling  simply  by  flexure,  the  rules  become : — 

(178.)  F  =  Mp  X  V  •  X  6  -7-  L^'^. 

(179.)  <  =  "^^  {f  X  U"  -T-  (Mp  X  h). 

(180.)  l  =  FxL"^-T-(MpX  <»••). 

(181.)  L  =  V(MpX<^*x6-^F). 

In  which  I  =  the  thickness  or  least  dimension  of  a  rectangular 

pillar. 

(  ss  the  breadth  or  greatest  dimension  of  a  rectangular 
pillar. 
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Aiid  ibe  rest  as  in  (155).   The  value  of  ^'  maj  be  Fodnd  from 

c.l.  8  of  Table  35;  of  L*"^  from  Table  86;  and  of  M,  from 

Table  84. 

For  boUow  rectangular  pillars  the  rules  are  modified,  and 
beocHne: — 

(182.)     P  =  Mp  X  {<^*  X  6)  -  (to'''  X  h)  -^  V. 

(183.)     L  =  »^  {Mp  X  (<*••  X  6]  -  [<o'  •  X  \)  -r  f). 

In  which  t  is  the  external,  and  i^  the  internal  least  dimension 
of  the  hollow  rectangular  pillar,  or  rather  the  dimensions 
lueasured  in  the  direction  in  which  the  pillar  will  fail  by 
bending.  It  is  necessary  to  make  this  distinction  in  hollow 
pillars  because  it  is  possible  that  the  least  internal  dimension 
may  not  coincide  in  direction  with  the  least  outside  dimension : — 
for  instance,  in  Fig.  40,  flexure  would  take  place  in  the  direction 
of  the  arrow  A  rather  than  in  that  of  B ;  then  1^=^  d,  and  5,  =  2, 
and  in  that  case  to  is  the  greater,  not  the  lesser  dimension.  We 
can  easUy  determine  in  such  a  case,  in  which  direction  the 
pillar  will  bend,  which  will  be  the  one  where  (<"  x  h)  — 
{to**  X  &o)  IS  ^e  least :  thus  in  Fig.  40,  we  obtain  from  Table  35, 
4*  •  =  36*7,  and  3**  =  17-4  and  in  the  direction  A,  we  have 
(36-7  X  5)  -  (17-4  X  '2)  =  148-7.  In  the  other  direction  B, 
6'*  =  66-7,  and  2««  =  6-06,  and  we  obtain  (65-7  X  4)  - 
(6*06  X  3)  —  244-62,  or  pretty  nearly  double  that  in  the  other 
direction  A;  the  pillar  will  therefore  certainly  fail  in  the 
direction  A« 

(184.)  As  an  example  of  the  application  of  the  rules  in  (177) 
say  we  take  a  pillar  1^  X  7  inches,  14  feet  long,  with  both 
en  Is  flat :  the  yalue  of  M  p  from  Table  34  is  75  tons ;  of  1^"  from 
Table  85  is  2 -87,  and  of  14!^  frt>m  Table  86  is  88*8.  Then 
F  =  76  X  2-87  X  7-r-88*8  =  16-96  tons  =  F.  This  will 
not  require  correction  for  incipient  crushing,  for  the  area  being 
1-5  X  7  =  10 -6  square  inches,  Cp  becomes  10*5  x  19  =  199*6 
ions,  and  ^  Cp=  49*875  tons.  F  being  less  than  that,  the 
Correction  is  not  required. 

Again,  say  we  require  the  thickness  t,  for  a  pillar  9  inchei 
wide,  18  feet  long,  both  ends  flat,  and  15  tons  breaking  weigU. 
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Then  Mp  t^ing  as  before  =  75,  and  18^^  =s  131  *  1  by  Tuble  36, 
we  have  15  x  131  1  -7-  (75  x  9)  =  2*913,  the  nearest  nnmbcr 
to  which  in  ooL  3  of  Table  35  is  2  *  87,  which  is  opposite  1^ 
inch^  the  thickness  required,  &c. 

(185.)  "  Qui^ron  Pillars  of  +  Section."*— This  form  of  pillar 
is  oommonlj  nsed  for  the  connecting-rods  of  large  steam-engines, 
and  not  nn&eqaentlj  for  carrying  the  floors  of  warehouses. 
The  strength  of  such  pillars  may  be  found  by  a  modification 
of  the  rules  for  rectangular  pillars  in  (177).  Let  Fig.  38  be 
the  section  of  such  a  pillar  8x8  inches,  {  inch  thick,  15  feet 
long,  with  both  ends  flat;  assaming  that  the  pillar  will  fail 
by  flexure  in  the  direction  of  the  arrow  B,  we  have  virtaallj 
two  pillars,  one  a,  a,  forced  to  bend  in  the  direction  of  its  larger 
dimension,  flexure  in  the  contrary  direction  being  prevented  by 
the  ribs  c,  c.  We  have  in  that  case  <  =  8  inches,  and  h  =  ^  inch ; 
the  other  pillar  c,  c,  will  bend  in  the  normal  direction,  or  that 
of  its  smaller  dimension,  t  being  ^  inch,  and  b  =  8  ~  f 
=  7|^  inches, 

(186.)  By  col.  3  of  Table  35,  8**  =  223,  and  ¥*  =  ^707 ; 
by  Table  36,  15^^  =  99-8,  and  by  Table  34,  Mp  =  75.  Then 
for  a,  a,  we  have  223  x  i  =  195,  and  for  c,  c,  '707  X  7-125 
=  5 : — the  sum  of  the  two  is  195  +  5  =  200,  and  it  will  be 
observed  that  e,  c,  adds  only  2^  per  cent,  to  the  strength,  being 
5  on  a  total  of  200  (213).  Having  thus  found  the  combined 
value  of  <•  •  X  b  =  200,  the  rule  in  (178)  becomes  F  =  75  x  200 
-f-  99*8  =  150  tons,  the  breaking  weight  by  flexure.  In  ordor 
to  ascertain  whether  correction  for  incipient  crushing  (163)  is 
necessary,  we  find  the  area  of  the  section  to  be  15-23  square 
inches,  and  the  crushing  strength  of  cast  iron  being  43  tons  per 
square  inch  (132),  Cp  becomes  15-23  x  43  ==  655  tons,  hence 
I  Op  ss  164  tons ;  F,  or  150  tons,  being  less  than  ^  Gp,  the  cor- 
rection for  incipient  crushing  is  not  necessary  in  this  case  (169), 
the  correct  breaking  weight  of  the  whole  pillar  is  that  due  by 
^oxnre  simply,  or  150  tons. 

(187.)  We  found  in  (186)  that  the  cross  libs  c,  e,  contributed 
only  2^  per  cent,  to  the  strength  of  the  pUlar  Fig.  38,  hence 
there  would  be  no  appreciable  error  if  we  omit  them  altogether 
in  calculatino;  the  strength,  which  then  becomes  simply  that  du9 
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lo  the  pillar  a,  o^  forced  to  bend  in  the  direction  of  it«  larger 
dimensioii.  Table  40  has  been  calculated  on  that  principle* 
This,  howeyer,  is  true  for  those  cases  onlj  where  the  length  of 
the  pillar  is  so  great  that  it  fails  bj  flexore  only ;  with  short 
pillars  requiring  correction  for  incipient  crashing,  the  cross 
ribs  Cj  e,  yield  their  full  share  of  resistance  to  the  load. 

It  shoold  b3  obserred,  that  the  breaking  weight  of  ft  rect- 
angular pillar  like  a,  a,  breaking  by  flexure  in  the  direction  of 
its  larger  dimension,  will  be  simply  proportional  to  its  thick- 
ness, other  things  being  the  same ;  for  instance,  in  Fig.  88,  the 
breaking  weight  when  j-  inch  thick  being  150  tons,  with  -^  inch 
thick,  it  would  be  75  tons,  and  with  If  inch  thick  =  300  tons,  &c. 

Tablb  40. — Of  the  Strbnoth  of  Oast-ibon  Pillars  of  4  Sbctiok, 

the  ends  being  Flat  and  well  supported. 
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(188.)  <«  Belatice  Strength.*'~The  facit  that  nearij  half  the 
section  of  a  -f  pillar  goes  for  nothing,  will  prepare  ns  to  find 
tliat  this  form  of  section  is  very  nneoonomical  as  compared  with 
a  cylindrical  pillar  of  the  same  diameter,  and  area  of  section. 
Thus  a  pillar  8  inches  external  and  6|  inches  internal  diameter 
will  have  an  area  of  15*8  square  inches,  or  practically  the 
same  as  that  of  Fig.  88,  which  we  found  (18C)  to  he  15*23 
square  inches.  Then  from  Tahle  85,  8'^  =  1788,  and  6f  ^ 
=  &u4,  and  Mp  heing  44*19,  the  rule  in  (157)  gives  44*19  x 
(1783  -  904) -r  99*8  =  880  tons  breaking  weight  by  flexnrc 
This,  however,  will  require  correction  for  incipient  crushing  by 
the  rule  (164);  Cp  =  15*8  x  43  =  680  tons,  hence  |  Cp  =  510 
tons,  and  the  rule  Pc  =  P  X  Cp-i-  (P  +  J  Cp)  becomes  380  x 
680  -4-  (380  +  510)  =  290  tons,  which  is  nearly  double  150  tons, 
the  breaking  weight  of  a  +  pillar  of  the  same  weight  of  metal. 

This  ratio,  however,  is  not  constant ;  with  a  great  length, 
such  that  both  pillars  would  fail  by  flexure  simply,  the  ratio  in 
our  case  would  be  as  we  have  seen,  380  to  150,  or  about  2^  to  1 ; 
with  a  length  of  15  feet,  2  to  1  ;  as  the  length  is  reduced  tlie 
ratio  approaches  equality,  and  with  very  short  pillars  in  which 
the  strength  is  governed  almost  exclusively  by  resistance  to 
crushing,  the  two  kinds  of  pillar  become  practically  equal. 

(189.)  Mr.  Hodgkinson  made  an  experiment  on  a  pillar  of  4- 
soc6on  3  X  3  X  *48  inch  thick,  Fig.  86,  the  length  being 
7  *  562  feet,  and  both  ends  pointed ;  the  breaking  weight  was 
17,578  lbs.  Calculating  as  in  (186),  and  taking  Mp  at  56,100 
lbs.  from  Table  84,  we  have  for  a,  a,  8***  =  17*4  by  Table  85, 
thei^  to  find  I?"^,  we  must  use  logarithms.  The  log.  of  7  *  562 
=  0*878637  X  1-7  =  1*4936829,  the  natural  number  due  to 
which,  or  31  *  17,  is  the  1  *  7  power  of  7  *  562 :— then  56100  X 17  *  4 
X  /  48  -i-  81  •  17  =:  16035  lbs.  For  c,  c,  we  have  to  find  •  48*  • ; 
the  log.  of  -48  =1*681241  x  2-6  =  1*1712266,  the  natural 
number  due  to  which,  or  '1483,  is  the  2*6  power  of  *48  ;  then 
i  =  3  -  -48  =  2*52,  ai^d  the  rule  becomes  56100  x  -1483 
X  2*52 -s- 81*17  =  673  lbs.  The  sum  of  the  two,  or 
15035  +  673  =  15708  lbs.,  is  the  breaking  load  of  the  entire 
pillar,  which  is  10  *  6  per  cent,  less  than  17,578  lbs.,  the  ezperi- 
meiital  breaking  weight. 
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(190.)  ^^  CJonneciing-rods  of  Sieam-engineM,** — The  Birength  of 
cast-iron  connecting-rods  of  the  ordinary  -f  secticuiAl  form 
cannot  be  calculated  satisfactorily  by  the  ordinary  rules:  in 
practice  it  is  necessary  to  provide  for  extraordinary  strains 
arising  from  forces  in  motion,  &c.,  which  the  ordinary  role  docs 
not  contemplate.  The  safer  conrse  is  to^  nse  a  theoretical 
formula  with  a  constant  multiplier  derived  from  experience:  the 
rule  may  then  take  the  following  form :— * 


(191.) 


B  =  ;^(H  xL'^-42> 


In  which  H  =  the  reputed  or  nominal  horse-power  of  the  engine ; 
L  =  the  length  of  the  connecting-rod  between  centres  in  feet ; 
and  B  =  the  breadth  of  the  rod  at  the  centre  in  inches.  Thu8, 
for  a  CO-horse  engine  with  a  rod  14  feet  6^  inches,  or  14*52  feet 
between  centres,  we  have  14 ' 52^  =  210*8 ;  then  60  x  210*8 
-T--42  =  30114,thelogof  which,or4*478773-r4  =  1-119693, 
the  natural  number  due  to  which  or  18  *  17,  say  1S\  inches,  is 
the  brearlth  at  the  centre.  We  should  obtain  the  same  result 
by  finding  the  square-root  of  the  square-root  of  80114 :  thus,  the 
square-root  of  80114  =  178*5,  and  the  square-root  of  178*5 
=  18*17  inches  as  before.  Table  41  gives  the  proportions  of 
connecting-rods  from  cases  in  practice,  coL  4  being  calculated 

Table  41. — Of  the  Proportions  of  Cast-iron  Gonnectikq-rods  of 
^  S>ECTiON  for  {Steam-engines  :  Gases  Id  Practice. 


SlKPS  of  Bearings. 

Length  of 
Rod 

•      _ 

Breadth 

at  the  Centre 

in  Inches. 

Komliuil 

Lowarend, 

Two,  at  the 

Tbickn*  m 

Hoise- 
power. 

between 

C^-ntres 

of  Bearings. 

or  Crank-pin. 

upper  end. 

ofRiU. 

Actoal. 

BfRnle. 

Dlam.    Length. 

Dtaoi. 

Length. 

ft      IQ. 

100 

19     5 

17t 

17-3 

!! 

8 

H 

8* 

•• 

60 

14    6i 

13 

13* 

6i 

4 

3. 

*  • 

42 

13    H 

11 

"1 

*i 

5 

8* 

H 

35 

13    3| 

11 

U 

4 

ft 

8i 

3» 

H 

30 
22 
12 

11     ^ 
9  lU 
8    6J 

8J 
71 

li 

6f 

8* 

8 

4* 

8 
S     ' 

21 

2* 

1 

(0 

(a) 

(») 

(0 

(6) 

I 

(•)        0)    1    C«) 

(»> 
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hj  the  role :  the  pariiotilars  of  the  bearings  at  the  two  en^  are 
ailded  as  nsefdl  memoranda. 

It  shotild  be  obsorred  that  the  rule  snppoees  that  the  thickness 
of  the  ribs  and  the  heavy  mouldings  with  which  the  comers  are 
filled  in,  are  of  the  proportions  usually  adopted  in  practice  and 
as  shown  in  Fig.  87» 

(192.)  **  CaOrinm  Pillars  of  1  iSw/ton."— This  form  of  piUar 
is  sometimes  used  for  stanchions :  their  strength  may  be  calcu- 
lated on  the  same  principles  as  those  of  +  section.  Mr.  Hodg- 
kinson  made  an  experiment  on  the  pillar  of  the  section  shown 
by  Fig«  89,  the  length  was  7*562  feet,  both  ends  pointed,  and 
the  breaking  weight  29,571  lbs.,  the  pillar  breaking  by  flexure 
in  the  direction  of  the  arrow  0.  Neglecting  the  middle  web, 
as  having  very  little  influenoe  on  the  result  (167),  we  have 
simply  to  calculate  for  a  rectangular  pillar  8  x  *7  inches 
forced  to  £ul  by  flexure  in  the  direction  of  its  larger  dimension, 
hence,  using  Uie  rule  in  (178)  <  =  8  inches  and  &  =:  *  7  inch, 
and  8«*  being  17-4,  we  obtain  56100  x  17-4  x  •7-5-8117 
=  21925  lbs.,  which  is  25*8  per  cent,  less  than  29,571  lbs.,  the 
experimental  breaking  weight. 

It  should  bo  observed  that  the  thickness  of  the  metal  in 
Fig.  89  has  been  cakuUUed,  Mr.  Hodgkinson  did  not  give  that 
dimension  unfortunately,  but  he  states  that  the  area  of  the  croes- 
section  was  the  same  as  that  of  the  -f  pillar  in  (189) ;  if  we 
assume  the  thickness  to  be  uniform  all  over,  we  obtain  of 
necessity  *85  inch,  as  in  the  figure. 

It  is  possible  that  the  thinness  of  the  metal  in  these  cases  (981) 
may  be  the  reason  for  the  excess  of  strength  shown  by  the 
experiments;  this  appears  to  bo  the  more  probable  from  the 
fact  that  the  casting  *  85  inch  thick  gave  a  greater  excess  than 
the  one  *48  inch  thick.  The  difference  although  considerable 
is  not  of  practical  importanoe,  being  covered  by  the  *  fiftctor  "  of 
safety  (880) ;  moreover  the  error  is  on  the  side  of  safety,  oalcu* 
lation  giving  in  both  cases,  the  breaking  weight  leu  than  by 
experiment. 

(198.)  *'  Cast-iron  Steam-engine  Columned — ^A  common  arrange- 
ment  for  beam  engines  is  shown  by  Fig.  41,  in  which  a  cross- 
entablature  A  is  built  into  the  side  walls,  and  is  supported  by. 
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two  oolmmis.  The  stnan  on  these  eolnnms  is  oompunitiTelj 
small,  and  the  proper  sizes  cannot  be  oalcolated  by  the  ordinary 
method,  bat  may  be  fonnd  by  the  following  empirical  roles : — 

(194.)  D  =  ;^  (H  X  L»  X  2-2). 

(195.)  if  «  D  X  5  -4-  6. 

In  which  H  »  the  reputed,  or  nominal  horse-power  of  the 
engine;  L  =b  the  length  of  the  col  nmn  in  feet;  D  ==  the  diameter 
at  the  base,  and  d  =  the  diameter  at  the  top,  both  in  inches. 
Thus  for  an  engine  of  100  nominal  horse-powor,  and  oolnmns 
16  feet  long,  we  have  16^  =  256,  giving  by  tlie  rale  100  x  256 

X  2  *  2  =  56320,  which  is  the  fourth  power  of  D :  then  the  log.  of 
56320  or  4*  750663 -r  4  =  1*187666,  the  natural  number  due 
to  which  is  15*4,  or  say  15|  inches,  the  diameter  of  the  column 
at  the  base,  from  which  we  obtain  15*4  x  5  -^  6  =  12*83,  or 
say  12 1  inches,  the  diameter  at  the  top.  The  actual  diameters 
were  15^  and  13  inches  respectively,  as  shown  by  Table  42, 
which  gives  the  sizes  of  engine  columns  from  cases  in  practice 
with  the  correspcmding  sizes  calculated  by  the  rule.  It  should 
be  observed  that  we  might  have  found  the  4th  root  of  56320 
without  the  use  of  logarithms,  for  the  square-root  of  the  square- 
root  of  a  number  is  the  4th  root  of  that  number;  thus,  the 
square-root  of  56320  =  237-3,  and  the  square-root  of  237*8 

s=  15*4,  or  the  same  as  found  direct  by  logarithms. 

Table  42.-->0f  the  Diambtbb  of  Golumnb  to  Beam  Ekoikes  with 
GBosB-SHTABLATnRB  between  the  Wali.8 — ^Two  Columns  to  each 
Engiue  (Fig.  41).    From  Cases  in  Practice. 


Nominal 
n^fTie-power 

Ticngthor 
theOolamniL  ■ 

Dimeter  of  the  Oolnmn 
•(Bms. 

DiAmeCer  of  the  Oolnnm 
at  Tup. 

of  Kn^iiOi 

ArUiaL         OftkuUted. 

Actiul. 

CklonUtcd. 

100 
60 
40 
30 
20 
12 

ft    In. 

16     0 

12    8 

10    3 

9     If 

7    9 

7    6 

10 
I* 

6J 

15| 

'4 

13 

10 
8 
6 

12J 
10 

I' 

6* 

122^ 
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Table  43  has  been  calculated  by  the  rule,  and  the  approximate 
depth  of  the  cross-entablature  is  giyen  as  calculated  by  the  rule 
in  (953), 

Table  48. — Of  the  Approximate  Sizes  of  Columks  and  Depth  of 
Crobs-Entablatitrr  for  Beam  Ekuinks:  two  columns  to  each 
Engine,  as  in  Fig.  41. 


Length  of  Column  In  Feet 


NominAl 
Horse- 

D pth  <  f 
Ent.bU- 
turt*  in 

power. 

Inches. 

10 

6-3 

20 

9  0 

30 

110 

40 

12-6 

50 

141 

60 

15-5 

80 

18-0 

100 

20  0 

120 

220 

140 

2;V6 

160 

25-2 

180 

26-8 

200 

28-2 

6 


8 


10 


12 


14 


16       18 


20    I    2*2 


Diiuiietcr  of  O'lnmnt  at  the  Base,  in  Inches. 


5-3 
6-3 
70 


61 
7-3 

81 
8-7 


6 
8' 
9 
9 
10 


8 
1 
0 
7 
2 


10-7 
11-5 


8-4 

9-3 

10-0 

10-6 

11-7 
12*6 
13-3 


10 
11 
12 


6  .. 
4  12 
0  12 


2 
9 


12*6 
13-6 
14-3 
15  0 
15-6 


13-5 
14-6 


15 
16 
16 


4 
1 

7 


17-3 
17-8 


14-3 
15-4 
16-3 
171 
17*7 

18-3 
18-9 
19-4 


16-3 
17*2 
180 
18  ^i 

19-3 
19-9 
20-5 


lOG 

20  3 
20-1) 
21-4 


K(yrE. — ^The  diameter  at  the  top  should  be  |th8  of  the  diameter  at  the  base. 

(196.)  "  Wrought'iron  Cylindrical  Pillar8:''-The  strength  of 
pillars  of  wronght  iron  is  directly  proportional  to  the 3* 6  power 
of  the  diameter  or  side  of  square  pillars,  and  inversely  as  the 
square  of  tho  length,  this  latter  being  the  theoretical  ratio  as 
shown  by  (145).  For  solid  cylindrical  sections  we  have  the 
fiillowing  general  rules  for  long  pillars  failing  simply  by 
flexure : — short  pillars  require  correction  for  incipient  crushing 
by  the  rules  in  (163). 

(197.)  F  =  MpX  !)•••-;- L». 

(198.)  D  =  'y(FxL»-T-Mp). 

(199.)  L  =  y(MpXD»-*-T-F). 

(200.)  Mp  =  FxL«^I>»-^ 
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In  which  F  =  tho  bi'eaking  weight  on  the  pilUr  in  lbs.,  tons, 

4&C,  by  flexure,  dependent  on  Mp. 
D  =  the  diameter  of  the  pillar    at  the  centre,  in 

inches. 
L  s  the  length  in  feet. 
Mp  =  constant  multiplier,  the  valae  of  which  is  given 
in  Table  34. 
Table  44  gives  the  result  of  27  experiments  on  solid  cylin- 
drical pillars  of  wrought  iron  by  Mr.  Hodgkinson ;  col.  9  has 
been  calculated  by  the  rules,  the  value  of   Mp  taken  from 
Table  34  was  95,848  lbs.  for  pillars  with  both  ends  pointed ; 
197,700  for  those  with  one  end  pointed  and  the  other  flat ;  and 
29^,620  lbs.  for  tbose  with  both  ends  flat. 

(201.)  Comparing  cols.  9  and  7,  it  will  be  seen  that  many  of 
these  pillars  require  correction  for  incipient  crushing  by  tbo 
rule  (164),  namely,  Pc  =  F  x  Cp  -r-  (F  +  |  Cp).  It  is  a  matter 
of  considerable  difficulty  to  determine  the  crushing  strain  for 
wrought  iron,  or  indeed  for  any  very  malleable  metal  (133). 
The  ordinary  method  of  crushing  a  small  specimen  is  quite 
iuapplicable  in  such  a  case : — by  experiments  on  the  transverse 
strength  in  (520)  we  found  it  to  be  24  tons  per  square  inch. 
But  the  only  satisfactory  course  is  to  find  by  trial  the  resistance 
to  crushing,  or  value  of  C,  which  when  used  in  the  rule  for 
incipient  crushing  (164)  will  bring  the  calculated  strength  into 
agreement  with  the  experimental  strength.  The  result  of  a 
laborious  application  of  that  tentative  method  is  that  the  value 
of  G  in  wrought-iron  pillars  is  19  tons,  or  42,560  lbs.  per  square 
inch,  which,  multiplied  by  the  area  of  the  pillar,  will  give  the 
value  of  Cp  in  the  rule  for  incipient  crushing. 

This  value  of  C  has  been  used  for  solid  cylindrical  pillars  in 
Table  44 ;  for  solid  rectangular  pillars  in  Table  53  ;  for  hollow 
cylindrical  pillars  of  thin  plate-iron  in  Table  52 ;  and  for  rect- 
angular pillars  of  thin  iron  in  Table  55 ;  and  its  correctness  is 
proved  by  the  general  agreement  of  the  calculations  with  tho 
experiments  as  shown  by  (958)  and  Table  150.  The  mean 
average  error  of  those  4  tables  is  only  0*293,  0*0,  0*461,  and 
2 '  25  per  cent,  respectively : — of  99  experiments,  85  were  reduced 
by  the  mle  for  incipient  crushing,  and  the  near  agreement  with 
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the  experimonta  is  to  a  great  extent  due  to  the  correct  valuQ  of 
C  =  19  tons. 

As  an  illnstration  of  the  rules  in  (197)  and  (164),  we  may 
take  Nob.  13,  14,  in  Table  44 :  then  96848  x  1  •  005»« ^  1  26^ 
=  61470  lbs.,  the  value  of  F,  or  the  breaking  weight  by  flexure, 
as  in  col.  9.  This  requires  correction'  for  incipient  crushing 
(163):— to  find  Cp  we  have  1-005^  x  -7854  x  42560  =  33760 
lbs.  as  in  col.  10,  hence  |  Cp  =  25320  lbs.,  and  the  rule  Po  =  F 
X  Cp^  (F  +  I  Cp)  becomes  61470  x  33760  -h  (61470  +  25320) 
=  23910  lbs.,  the  reduced  breaking  weight  or  value  of  Po,  as  in 
c«>l.  7. 

Table  44  has  been  calculated  in  this  way  throughout :  the 
snm  of  all  the  +  errors  in  col.  8  s  56 '  9  and  of  all  the  »  errors 
52*5,  giving  on  15  experiments  an  average  of  (56*9  ~  52*5) 
-i-  15  =  0*293  per  cent.  only.  The  greatest  +  error 
=  13*8  per  cent.,  and  the  greatest  ~  error  =  15*3  per 
cent.  (959). 

(202.)  Searching  as  in  (165)  for  the  length  of  wrought-iron 
pillars  with  which  the  correction  for  incipient  crushing  becomes 
nil,  beyond  which  length  the  rule  must  not  be  applied  for 
reasons  given  in  (164) ;  we  find  that  a  pillar  1  inch  diameter 
crushes  with  *7854  x  19  =  14*92  tons,  the  correction  will 
therefore  be  nil  when  F  =  14*92  -7-  4  =  3*73  tons  (169),  which 
in  a  pillar  with  both  ends  pointed  is  due  by  the  rule  (lb 9)  to  a 
length  of  V 42*79  -r  3^  X  12  =  40*64  inches,  or  40*64 
times  the  diameter.  With  one  end  pointed  and  one  flat 
V  88 -26-7- 3*  73  x  12  =  58*37  inches  :_with  both  ends  flat 
>v^l33^^8^4^'^3  X  12  =  71*86  inches,  Ac.  With  cast-iron 
pillars  (165)  we  obtained  for  the  same  diameter  16*64,  25*04, 
and  31*78  times  the  diameter  respectively,  which  differs 
remarkably  from  40  *  64, 58  *  37,  and  71  *  86  as  found  for  wrought- 
iron  pillars. 

These  ratios  vary  with  the  diameter  as  we  found  to  be  the 
case  with  cast  iron  (166),  and  as  shown  by  Table  39,  which  has 
boen  calculated  by  Ae  rule : — 

(203.)         Ld  =  -y(MF  X  ©•••-riCp)  X  12-4- D. 
In  which  the  letters  have  the  same  significance  as  in  (167), 
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The  table  shows  that  the  diameter  is  more  inflaential  on  the 
length  wi^  wrought-iron  pillars  than  with  cast-iron  ones, 
which  is  doe  in  part  to  the  lower  yalne  of  C :  this,  as  we  have 
seen  (132),  is  43  tons  per  square  inch  with  oast  iron,  and 
19  tons  with  wrought  iron  in  the  form  of  a  pillar  (133). 

(204.)  "  Wrought-iron  Connecting-rods" — Wrought-iron  rods 
Ai-e  commcmly  used  for  steam-engines,  pum^,  and  many  other 
purposes : — ^being  jointed  at  both  ends,  they  are  assimilated  to 
pillars  with  both  ends  pointed  (149).  The  connecting-rods  for 
double-ac4ng  pumps  are  subjected  to  heavy  shocks  from  a  mass 
of  water  in  motion  throughout  the  system  of  suction  and 
delivery  pipes,  which  are  only*  partially  obviated  by  air- 
vc88el8,  &e, : — they  therefore  require  special  rales,  which  are 
given  in  (207). 

Table  45  has  been  calculated  by  the  rule  (197) ;  for  a  pillar 
with  both  ends  pointed  this  becomes  F  =  95848  x  D*  *  -i-  L^, 
which  has  been  corrected  where  necessary  for  incipient  crushing 
by  the  rule  (164),  taking  the  crushing  strain  0  at  the  reduced 
value  of  33,600  lbs.,  or  15  tons  per  square  inch,  from  which  we 
have  obtained  Cp  in  col.  2. 

(2^5.)  It  should  be  observed  that  the  rod  of  a  steam-engine  is 
subjected  to  an  alternating  tensile  and  compressive  strain  which 
is  exceedingly  destructive  to  any  material,  necessitating  the  adop- 
tion of  a  high  *' factor  of  safety  "  (915).  If  we  admit  that  for  a 
statical  or  dead  load  the  '*  factor  "  should  be  3,  that  is  to  say  the 
working  or  safe  load  should  be  ^rd  of  the  dead  breaking  load, 
then  by  coL  5  of  Table  141  the  equivalent  alternating  dynamic 
strain  would  be  |th  of  the  dead  load,  or  ^  x  i  =  -^th  of  the 
statical  breaking  weight,  the  '*  factor  "  being  =  18. 

Table  46  gives  the  sizes  of  a  series  of  connecting-rods  from 
cases  in  practice: — the  breaking  weight  as  calculated  by  the 
rules  is  given  by  col.  6,  and  the  factor  of  safety  by  col.  7,  its 
mean  value  being  15*52.  Thus,  taking  No.  2  as  an  example: 
the  8*6  power  of  3}  is  by  Table  35  =  116;  7  feet  2  inches 
beiog  s  7*167  feet,  and  7*167'  =  51*36,  and  the  rule  becomes 
95848  X  116  -^  51*36  =  216500  lbs.  =  F,  or  the  breaking 
weight  by  flexure,  as  in  col.  4.  This  requires  correction  for 
iadpieni  crashing  (163) :— the  area  due  to  S|  inches  diametex 
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=  11*04  square  inches,  hence  11*04  x  42560  =  469800  Ibs^ 
the  Talue  of  Op,  as  in  col,  5,  and  }0p  =  352400. lbs,  from 
which  we  obtain  (216500  x  469800)  ^  (216500  +  852400)  = 
178800  Ibs^  the  reduced  breaking  weight  Pc  as  in  col.  6.  The 
yalae  of  the  fitctor  of  safety  is  178800  -f-  HOOO  =  16*25,  as  in 
col.  7. 

The  diameter  of  a  connecting-rod  might  be  calculated  with 
sufficient  precision  for  practice  by  an  empirical  mle  as 
follows  :— 

(206.)  D  =  '^  (w  X  L«  4-  4640). 

In  which  to  =  the  strain  on  the  rod  in  lbs.,  as  found  from  the 
pliameter  of  the  cylinder  and  pressure  of  steam,  &c. ;  L  =s  the 
length  between  centres  in  feet,  and  D  =  the  diameter  at  the 
centre  in  inches.  Thus,  for  No.  8  in  Table  46  we  have 
6411  X  25  4-4640  =  84*54  the  nearest  number  to  which  in 
col.  4  of  Table  85  is  32*3  opposite  2|  inches  diameter,  d:c*: 
col.  8  in  Table  46  has  been  calculated  by  this  rule. 

Table  46. — Of  the  Strength  of  Wrouoht-iron  GoNNBcnNo-BODS  to 

Steam-engines.    Caaes  in  Practice. 
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(207.)  **  Double- acting  Pump^ods." — The  ordinary  rules  for 
wronght-iron  pillars  do  not  apply  snti^factoi-ily  to  the  rods  of 
double-acting  pumps,  partly,  perhaps,  because  those  rules  are 
adapted  only  to  a  statical  load  or  dead  weight,  whereas  pump- 
rods  have  to  sustain  heavy  shocks  at  every  stroke  from  the 
idternate  inertia  and  momentum  of  the  winter  in  th^  pump  an4 
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mains,  tbe  amount  of  which  depends  on  the  freqnency  of  th^ 
altemati(m8  or  the  speed  of  the  pomp.  The  following  empirical 
Bole  is  derived  from  lon^  and  varied  experience :— -> 

(208.)  D=^(frxL*xB4-  200000). 

In  which  w  =  the  weight  or  strain  on  the  rod  in  Ihs. ;  L  s  the. 
length  between  centres  of  joints  in  feet ;  R  =  the  revolutions 
per  minnto  of  the  engine,  or  of  the  crank  working  the  pump ; 
and  D  =  the  diameter  of  the  rod  at  the  centre  in  inches* 

(209.)  Table  47  gives  the  proportions  of  donble-aoting 
pump-rods  from  cases  in  practice;  col.  9  has  been  calculated 
by  the  Bale.  Thus,  with  No.  9  we  have  17*5^  =  806,  then 
25125  X  806  X  24*5  -^  200000  =  942,  which  is  the  4th  power 
of  the  diameter.  The  logarithm  of  942  or  2  •  974051  ^  4  « 
0*748518,  the  natural  number  due  to  which,  or  5*54  inches,  is 
the  diameter  at  the  centre,  as  in  coL  9.  We  should  have 
obtained  the  same  result  without  tho  use  of  logarithms  by  finding 
the  square-root  of  the  square-root  of  942 ;  thus  V942  s  80*69, 

Table  47. — Of  the  Strbsoth  of  Wrouoht-ibok  Conkhctikg-bods  for 
DouBLB-AOTiHo  PuuFS,  to  rosist  a  CoHPREssivB  Stbaik.  From  Caaes 
in  Practice. 
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and  V30'69  s  5*54  inclies,  as  before.    Table  85  would  haY« 
giTen  nearly  the  same  result  with  less  tronble. 

The  near  agreement  of  the  calculated  sixes  in  col.  9  with  the 
actual  ones  in  coL  8  is  due  to  the  fact  that  the  latter  were  in 
many  cases  fixed  originally  by  the  Bole  (208) ;  still,  they  all 
stand  well  in  practice,  and  have  done  so  for  many  years 
without  one  failure,  confirming  so  far  the  accuracy  of  the 
Bule. 

(210.)  "  Wraughi-iron  Pigtm^ods.'*  —  The  piston-rods  of 
Steam-engines  are  subjected  alternately  to  a  tensile  and  com- 
pressive  strain,  and  in  calculating  their  strength  both  of  those 
strains  must  be  considered. 

First,  for  the  tensile  strain : — a  common  mode  of  connecting 
the  piston-rod  to  the  cross-head  is  shown  by  Fig.  42,  in  which 
we  have  a  2^inch  rod  with  a  conical  end,  terminated  by  a 
2^inch  square- thread  screw.  If  inch  diameter  at  the  bottom 
of  the  thread.  The  area  of  2^  =  4*9,  and  of  1}  =  2*4  square 
inches ;  the  area  at  the  screw  is  therefore  only  half  the  area  of 
the  rod. 

In  large  piston-rods  a  key  is  commonly  used,  as  in  Fig.  48 ; 
we  have  shown  in  (123)  that  the  shearing  strain  is  equal  to  the 
tensile,  and  as  the  key  is  subjected  to  a  double  shear,  shearing  at 
two  places,  its  double  area  must  be  equal  to  the  area  of  the  rod 
at  the  key-way,  suppodng  of  course  that  the  key  is  of  the  same 
material  as  the  rod.  With  the  sizes  shown  in  the  figure,  the  key 
will  haye  a  shearing  area  of  4*75  x  1*25  x  2  =  11*87  square 
inches.  The  area  of  4}  diameter  being  17  *  72,  and  the  area  cut 
away  by  the  key-way,  4*75  x  1*25  =  5*93,  we  have  17*72  — 
5*93  =  11*79  square  inches,  being  practically  the  same  as  the 
area  of  the  key : — ^this,  again,  is  only  half  the  area  of  the  5^inch 
rod,  which  =  23*75  square  inches. 

(211.)  We  may  therefore  admit  that  the  minimum  area  at  the 
screw  or  key-way  is  half  the  area  of  the  rod,  and  this  of  course 
limits  the  strength  of  the  piston-rod ;  for  obviously,  whatever 
may  be  the  strength  as  a  pillar  during  the  up-strc^e,  the  rod 
cannot  bear  more  than  is  doe  to  its  tensile  strength  during  the 
down-stroke. 

(212.)  The  mean  strength  of  British  wrought  ir^m  may  be 
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taken  al  S7,500  lbs.  per  Bqnare  inch  from  (4)  and  Table  1, 
heaoe  the  mazimam  sirain  admissible  on  the  body  of  the  rod  is 
57500  -7-  2  =  28750  lbs.  per  square  ineh,  and  the  second 
oolomii  of  Table  48  has  been  thns  calcolated*  When  a  rod 
is  80  short  that  we  are  certain  the  strain  will  be  limited 
by  the  tensile  strength,  we  may  find  the  area  direct  by  the 
Bale:— 

(213.)  Area  =  W  x  M,  -i-  28760. 

In  which  W  s  the  strain  on  the  rod  dne  to  the  area  of  the 
piston,  pressnre  of  steam,  ^o,  and  Mr  ^  the  Fact<Hr  of 
Safety  (880).    (216). 

For  the  strength  to  resist  the  compressiTe  strain  at  the  up- 
ttrc^  we  may  consider  the  rod  as  a  pillar  with  one  end  flat  and 
the  other  pointed,  namely,  flat  at  the  piston,  and  pointed  at  the 
cross-head.  Taking  the  valae  of  Mp  at  197,700  lbs.  from  coL  2 
of  Table  34,  the  Bnle  (197)  then  becomes  :— 

(214.)  F  =  197700  x  D*  *  -rL«. 

Tn  which  F  s  the  breaking  weight  by  fleznre  in  lbs.,  L  «  the 
greatest  length  nnsnpported  in  feet,  or  in  most  cases,  the  dis- 
tance from  the  gland  of  the  stuffing-box,  to  the  centre  of  the 
cross-head  at  the  top  of  the  stroke,  D  s  the  diameter  in  inches. 

(215.)  This  rule  gives  the  breaking  weight  by  flexnre  only : — 
as  shown  in  (202),  rods  of  a  length  less  than  58*37  times  the 
diameter  will  require  correction  for  incipient  cmshiog.  Taking 
0,  or  the  crashing  strength  of  wrought  iron  at  19  tons,  or 
42,560  lbs.  (201),  and  the  areas  due  to  the  respectiTe  diameters, 
we  obtain  Uie  Talue  of  C,  in  the  third  column  of  Table  48, 
Kvhich  gires  ihe  sixes  of  Piston-rods  based  on  a  combination  of 
the  rules  for  flexure  (214),  tensile  (212),  and  crushing  strength 
(164). 

Thus,  for  a  Sf-ineh  rod,  8  feet  long,  8|*'*  being  69*6  by 

Table  35,  the  breaking  weight  by  flexure  becomes  197700  x 

69*6-^64  =  215000  lbs.  =  F.     This  requires  correction  for 

incipient  crushing  (163),  the  area  of  3^  =  8*296  square  inches, 

and  we  obtain  8*296  x  42560  =  353100  lbs.,  the  value  of  Cp; 

hence  j  Cp«:  264800  lbs.,  and  the  rule  (164)  giyes  Pq  =  (215000 

X  2 
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X  853100)  ^  (216000  +  264800)  =  158200  lbs.,  as  in  tU 
Table,  which  has  been  calculated  thronghont  in  this  way.  With 
fotir  exceptions,  the  whole  of  the  numbers  required  correction 
for  incipient  crashing.  When  the  strength  as  a  pillar  is  greater 
than  the  tensile  strength  in  the  second  column,  then  the  latter 
limits  the  strength  of  the  whole : — ^for  instance,  a  8-inch  rod, 
say  8  feet  long,  would  bear  as  a  pillar  251,500  lbs.,  but  the 
tensile  strength  at  the  key-way,  &c.,  is  203,200  lbs.  only,  and 
as  the  strain  daring  the  up  and  down  strokes  is  usually  equal, 
th^  strength  both  ways  is  limited  by  the  lesser.  It  will  be 
observed  that  in  the  Table  the  strengths  of  say  a  5-inch  rod  5, 
6,  and  7  feet  long  are  all  alike,  being,  in  fact,  equal  to  the 
tensile  strength,  or  564,600  lbs.,  &o, 

(216.)  Table  49  gives  the  particulars  of  Piston-rods  from 
cases  in  practice : — ^the  strain  in  coL  5  was  obtained  by  multi* 
plying  the  area  of  the  piston  by  the  pressure  of  steam,  plus  the 
vacuum  in  condensing  engines,  where  the  total  has  been  taken  at 
20  lbs.  per  square  inch ;  with  the  High-pressure  Engines,  the 
pressure  has  been  taken  at  45  lbs.  above  atmosphere.  In  col.  6, 
we  have  given  the  calculated  breaking  weight  as  found  by 
Tables  48,  56,  <S:c.,  and  in  col  7,  the  '<  Factor  of  Safety,"  (880) 
or  the  ratio  of  the  breaking  to  the  working  strain,  the  mean 
value  of  which  is  about  12  for  ordinary  Conden sing-engines,  and 
14  for  Marine  Engines ;  it  will  be  observed  that  the  whole  of 
the  latter  are  dominated  by  the  tensile  strength,  in  consequence 
of  the  shortness  of  the  stroke,  and  are  marked  by  a  *. 

In  col.  8  we  have  given  the  calculated  diameters  as  found  by 
Tables  48,  56  ;  thus  in  the  80-Horse  rod,  No.  6,  with  Factor  12 
we  have  82520  x  12  =  890240  lbs.  breaking  strain,  the  nearest 
number  to  which  in  the  colanm  for  8  feet  length  in  Table  48 
is  891,100  lbs.,  opposite  4^  inches  diameter ;  the  actual  diameter 
was  4^  inches.  Again,  in  the  60-Horse  Marine  Engine,  No.  9, 
with  Factor  14  we  obtain  29040  X  14  =  406560  lbs.  breaking 
strain,  the  nearest  number  to  which  in  the  column  for  5  feet 
long  is  408,000  lbs.,  opposite  4^  inches  diameter,  which  was  also 
the  actual  size  ;  being  governed  by  the  Tensile  strain  in  col.  2. 

Wrought  iron  is  not  often  used  in  modem  times  for  first-class 
Engines;  the  superior  character  of  steel,  combined  with  it«. 
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PILLABS:   WROUGHT-IKON   PI6TON-BOD8. 


reduced  oo6t,  shonld  oommend  it  for  uniTersal  adoption;  the 
strength  of  Stee)  Piston-rodg  is  considered  in  (271). 

Tablb  49.'— Of  the  Strength  and  Pbopobtioks  of  Piston-bods  to  Steam- 

ENGINES.    From  Cases  in  Practice. 


KomiiMl 

DUmHerln 

InchMi 

Mm- 

Otionkted 

-  Factor/' 

CUco- 

Honie- 

^•MS 

* 

Imum 
Length. 

Actual 

Strain. 

Breaking 
Weight. 

Gol.  6 
CoLft. 

lated 
Dia- 

Kind of  Engine. 

power. 

V  VV  HV^r^^       ^V^B        ^B^P^pS^^B  *^»S  ^p  V 

Cylinder. 

Ptetoo-nd. 

1 

; 

meter. 

ft. 

ItM. 

lbs. 

4 

m 

Ulron 

8-5 

2,460 

82.710 

18-80 

ij 

Condensing. 

12 

lOi 

2      » 

50 

5,980  65,280 

10-92 

2A 

n 

25 

28 

3      n 

6-5 

12,820156,800 

12-69 

8 

tf 

80 

80 

S)    n 

70 

14,140169,900 

1202 

H 

»t 

36 

81 

8      n 

70 

15,094145,400 

9-68 

H 

n 

80 

45* 

<i    . 

8-0 

82,520835,200 

10-81 

*i 

«• 

10 

20 

3      » 

80 

6,280:  90,880* 

14-89 

2 

Marine^ 

30 

82 

*l     n 

40 

16,080  288,500* 

14-88 

8A 

n 

60 

48 

50 

29,040  408,000* 

1405 

H 

n 

90 

50 

*i    „ 

6  0 

39,270|586,500» 

18-66 

*« 

u 

120 

57 

5*    « 

7-0 

51,040688,100* 

13-88 

9f 

«t 

6 

,^» 

IfStovl 

2-17 

8,195   71,270* 

22-31 

H 

High-pressure. 

10 

1^ 

H  .. 

2-5 

4,580  115, 400* 

25-20 

JA 

«9 

12 

U   » 

8-8 

4,08.5 

73,410 

17-96 

»f 

Da    Woolf. 

18 

H» 

2^  lion 

8-5 

8,250 

96,050* 

11-64 

4 

High-pressure. 

20 

m 

1}  Steel 

8-8 

5,521115,400 

20-85 

i{ 

Dow    Woolf. 

22 

18 

1*    » 

4  5 

5,985   77,530 

12-95 

If                    9* 

25 

181 

H    ,. 

4-5 

6,435   77,530 

1205 

If 

n             n 

:^) 

3      „ 

4-8 

7,425  107,300 

14-46 

2 

*»             «* 

35 

16J 

2»    . 

5-5 

10,080178,400 

17-70 

H 

n            •» 

42 

17J 

^       »• 

5-5 

10,400*178,400 

17-15 

2| 

ft              n 

60 

22 

2f    ^ 

6-67 

17,100182,900 

10-70 

8 

W                      N 

100 

28 

^    •» 

9-5 

27,710205,400 

7-41 

** 

»•              »» 

(1) 

m 

W 

(4) 

(») 

W 

0) 

(») 

w 

(217.)  ** i{a(2ius-fo<Zf  of  Steam^engineB** — In  ordinary  Beam 
Engines,  the  Badins-rods  and  ^*  parallel  bars  *'  of  the  motion  are 
subjected  alternately  to  equal  tensile  and  compressiTO  strains ; 
the  latter,  tending  to  cripple  the  rod  as  a  pillar,  is  the  most 
influential,  and  the  diameter  necessary  to  resist  that  strain  will 
usually  be  sufficient  for  the  tensile  strain  also.  For  fiadiui*- 
rods  we  m«y  giye  the  following  Empirical  Rule 

(218.)  d^  :/{H  xL*-rl50). 


nixABfr;  SMirt-icrs  to  STSAii-Bionnf. 


1S5 


la  which  H  =  the  repated  or  Nominal  Hone-power  of  the 
Kngine ;  L  =  the  length  of  the  ndios-Fod  between  oentree,  in 
feet ;  and  d  =  the  diameter  of  the  rod  in  inches.  Table  50  hot 
been  calcnlated  by  this  role.  The  **  parallel  bars  "  are  nsaally 
made  of  the  same  diameter  as  the  radios-rods ;  Table  51  gives 
the  pariicolars  of  both  from  cases  in  practice,  col.  4  having  been 
calculated  by  the  mle.    Thus,  for  the  8Q-horse  Engine  with  a 

Tablb  60. — Of  the  Sizis  of  RAnius-BODS  to  SrBAiiBNannBS. 


Length  of  Badtos-rod,  In  Feet. 

nUneler 

2 

2J 

2i 

3 

81 

4 

4* 

S   1   S) 

6        ^ 

7 

Eud. 

1 

Nomtiul  Hone-powvr  of  EDglne. 

1 

12       9 

7 

•  • 

•• 

•• 

•  • 

•• 

•• 

) 

22     17 

14 

10 

•  • 

•• 

•• 

•  • 

1         ' 

37 

30 

24 

17 

12 

■  • 

•  • 

•• 

H 

•  • 

48 

»9 

27 

20 

15 

•  a 

•  • 

u 

a. 

61 

42 

81 

24 

19     15 

u 

•  • 

84 

62 

47 

87     80 

25 

1{ 

«. 

156 

100 

88 

70     56  1    47 

2 

•  • 

..    200 

150  120     96  !    80 

1 

67 

n 

-*. 

•  • 

240   190   155  1  125 

105 

91 

^ 

•  • 

•• 

..    290   230  '  195 

165 

135 

120 

2| 

•  • 

•• 

.. 

..    840 

285 

240 

205 

175 

8 

•  • 

•• 

•• 

••      •• 

400 

840 

290 

250 

NoTS.— The  parallel  btrs  nuj  be  of  the  same  diameter  m  the  Badiue-rodn. 


Table  61. — Of  Radius-bods,  ftc.,  to  Stbam-enoines.    Cases  in 

Practice. 


Vomteal 
Hofse- 
powt-r. 

60 
42 
80 

22 
12 

0) 


LengtlL 

Fe«t. 


4-57 
8-43 
8-50 

8-27 
2-25 

(«) 


DlaiDeter  of  Radius-rod. 


ActnaL 

!{ 

i 


By  Role. 


1 
1 
1 

1 
0 


'688 

3«1 

'251 

•117 
'798 

(*) 


Bearlnga. 


2 

it 

1! 


Diameter 
of  Parallel 


i! 


•J 
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Tbd  3^  feet  long,  we  have  80  X  1225  4- 160  s:  2*45 ;  then  tlio 
logarithm  of  2*45,  or  0  389166 -r  4  =  0*097291,  the  natural 
number  dne  to  which,  or  1*251  inch,  is  the  diameter  required. 
Or  we  might  have  obtained  the  same  result  without  logarithms 
by  finding  the  square-root  of  the   sqnare-root  of  2*45,  thus 

V^^  =  1*565,  and  V^l-665  =  1*251,  as  before:  see  ako, 
Table  85. 

(219.)  ''Hollow  Cylindrical  PiUara  of  Wrought  Iron."— -For 
hollow  cylindrical  pillars,  the  rules  in  (196)  require  a  simple 
modification  and  become : — 

(220.)  P  =  Mp  X  (D*  •  -  O  -r  !-•• 

(221.)    I>^-cP«  =  FxL«4-Mp. 

(222.)  L  =  ^ {M,  X  (B»«  -  d» •)  -h P) . 

In  which  P  ss  the  breaking  weight  on  the  pillar  in  lbs.  or  tons 

by  flexure,  dependent  on  Mp. 
D  a  the  external  diameter  in  inches* 
d  s  the  internal        ^  ^ 

L  s  the  length  in  feet. 
Mr  ^  Constant  Multiplier,  the  yalue  of  which  is  given 
in  Table  84. 

Table  52  gives  the  result  of  thirty-six  experiments  on  hollow 
pillars,  made  of  thin  plate-iron,  by  Mr.  Hodgkinson  ;  col.  10  has 
been  calculated  by  the  rule,  the  value  of  Mp  for  pillars  with  both 
ends  flat  being  taken  at  299,600  lbs.  from  Table  84. 

(228.)  Thus,  with  No.  8,  the  logarithm  of  6*187  or  0*791480 
X  8 *  6  =  2'  849828,  the  natural  number  due  to  which,  or  706  -  9, 
is  the  8  *  6  power  of  D : — then  the  logarithm  of  6,  or  0  *  778151  x 
3*6  =  2*801844,  the  natural  number  due  to  which,  or  622*9,  is 
the  8*6  power  of  d.  Hence  706*9  -  622*9  =  74,  and  the 
rule  (220)  becomes  P  ==  299600  X  74  H-  100  =  221700  lbs.,  the 
breaking  weight  by  flexure,  or  F,  as  in  col.  10.  This  requires 
correction  for  incipient  crushing  by  the  rule  (164)  ;  taking  the 
crushing  strength  at  19  tons,  or  42,560  lbs.  per  square  inch  (201), 
and  the  area  by  col.  5  being  1*799  square  inches,  Op  becomes 
1  *  799  X  42560  =  76570  lbs.,  as  in  col.  11,  and  |  Oprr 57420  lbs. ; 
hence  (221700  X  76570)  4-  (221700  +  57420)  »  60810  lbs., 
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the  reduoed  breaking  weight,  m  in  col.  8,  showing  an  error  of 
G0810 -T*  60075  s  1012,  or  +  1*2  per  cent,  m  in  ooL  9,  &c. 

(224.)  The  Bom  of  all  the  +  errora  in  ooL  9  is  225*6,  and  of 
all  the  —  errora,  243  *  2,  giving  on  the  thirtj-aiz  experiments  au 
average  of  (243-2-225*6) -h  36  =  0*461,  or-  0*461  per  ceut. 
only.  It  will  also  be  observed  that  the  range  of  the  error  plus 
and  minus  is  nearly  eqoalizedi  the  greatest  +  error  being 
+  30-4,  and  the  greatest  ->  error  is  -  33*0  (959). 

(2J5.)  ''Square  PiUar$  of  Wrought  Iron."— Admitting  that 
for  wrought  iron,  the  ratio  of  the  strength  of  round  and  sqoare 
pillars  is  1*0  to  1*7,  as  shown  bj  theory,  we  obtain  the  ralnes 
of  Mp  given  for  square  pillars  by  Table  34  The  rules  in  (196) 
then  require  a  simple  modification,  and  become  :~* 

(226.)  P=      pXS'^^-L*. 

(227.)  8  =  '^(P  X  L«  -r  M,). 

(228.)  L=  ^(MpXS»«-T-F). 

(229.)  Mp  =  PxL«^S*\ 

In  which  8  =  the  side  of  the  square,  and  the  rest  as  in  (196). 
Say  that  we  have  a  pillar  1^^  inch  square,  5  feet  long,  with  both 
ends  pointed;  then  taking  M?  from  Table  34  at  72*74  tons, 
and  1^**  from  Table  35  »  2*2,  the  rule  becomes  72*74  x  2*2 
-7-25  =  6*703  tons  =  F,  or  the  breaking  weight  by  flexure. 
This  result  will  not  require  correction  for  incipient  crushing : 
thus  the  area  is  1*25  x  1*25  s  1*5625  square  inches;  and  the 
crushing  strength  being  19  tons  per  square  inch,  Cp  becomes 
1*5625  X  19  «  29*69  tons,  and  ^  Cp  =  7*425  tons,  and  as  F 
is  less  than  that  (169)  the  correction  is  not  required. 

For  hollow  square  pillars  of  wrought  iron  the  rules  become  :— 

(230.)  F  =  Mp  X  (S»«  -  •»••)  ^ L\ 

(231.)        (S»*  -  ^')  =  F  X  L«^  Mp. 

(2^2.)  L  =  y  {Mp  X  (8»«  -  •»•)  4-  f). 

In  which  8  =  the  side  of  square  externally,  and  «,  internally ; 
the  rost  being  as  in  (222).     Thus  for  a  pillar  in  which  8  «- 
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Tablb  62* — Of  the  Strength  of  Cylindrical  PiLi^ARSt 


Nnrober 

of 
Fxperl- 

Diameter  f  n  Inches. 

TLickneti. 

Area  of  Section. 

Length. 

ment. 

Outdde. 

Inside. 

inc*ifM. 

sqnurp  Incliet. 

feci. 

1 

6-366 

6-1064 

-1298 

2-647 

10 

•00 

2 

♦« 

w 

»» 

t» 

7 

•50 

3 

6-187 

6000 

•0939 

1-799 

10 

00 

i 

6175 

6-9;3 

•101 

1-799 

5 

•00 

5 

6125 

5-029 

-098 

1-799 

2 

•50 

6 

4060 

3-750 

•150 

1-905 

9 

•94 

7 

4  052 

3-7iK) 

•136 

1  613 

7 

•50 

8 

4  050 

8*772 

•I3» 

1-7078 

9 

-94 

9 

4-000 

3-511 

•2-135 

2-879 

7 

44 

0 

4-<'0a 

3-505 

•250 

2-897 

7 

44 

11 

4  000 

3-504 

-2425 

2-873 

7 

•44 

12 

3b9o 

3-513 

•241 

2-848 

5 

00 

18 

M 

M 

♦» 

♦1 

2 

.% 

14 

3-995 

3-5»4 

•2455 

2-895 

5- 

•00 

15 

3035 

2-717 

•168 

1-414 

7' 

50 

16 

8  000 

2-712 

-153 

1-414 

2 

354 

17 

2-995 

2-6l'3 

•151 

1-349 

9 

-940 

18 

2-490 

2-275 

•1075 

•8045 

9 

917 

19 

w 

H 

>» 

n 

5 

000 

20 

f9 

f* 

»» 

» 

2 

500 

21 

2-382 

1-891 

•246 

1-651 

2 

492 

22 

2-373 

1-911 

•231 

1-554 

2 

425 

23 

2 -300 

1-865 

•24-25 

1-605 

1(»' 

000 

24 

2-850 

1-910 

•2*20 

1-4721 

5 

000 

25 

2-343 

1-923 

•210 

1-407 

2 

492 

26 

2-343 

1-939 

•202 

1-3587 

2- 

425 

27 

2-340 

1-910 

-215 

1-4353 

10- 

000 

28 

2*335 

1-925 

•205 

1-3718 

5 

000 

29 

9t 

n 

•t 

1-4353 

2" 

500 

30 

t| 

n 

M 

1-4853 

2 

500 

31 

i-9(;4 

1-755 

•1045 

•6104 

9' 

917 

32 

•» 

tt 

»» 

M 

5 

000 

33 

«♦ 

♦« 

» 

t» 

2 

500 

84 

1-405 

1-2^2 

•1015 

•4443 

9 

917 

85 

n 

91 

ft 

n 

5-000 

36 

m 

n 

ft 

n 

2-500 

(0 

<a) 

(3) 

(4) 

(5) 

(•) 

• 
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made  of  Thxh  Wbougbt-ibon  Plateb  :  both  ends  Flat. 


Bmklng 

Wriifhi  i.y 

Expcrimeiif. 

Caloataled  BreakiDS  Wdeht. 

Ulilniate 
Sinmgih  p«r 

Bedooed. 

Krroror 

Diffi-mice 

pt-rOnt. 

"Bj  Fkxnre  P. 

Grwhing 
StnUn. 

Square  Inch 
b/ Experi- 
ment. 

Iha. 

91,402 
106,122 
60,075 
69,002 
74,411 

Ib«. 
86,800 

95.090 

60,810 

72.200 

75,370 

-  5' 

-10' 
+  1' 
+  4 
■1-   1' 

0 
4 
2 
6 
8 

lb*. 
826.600 
580.500 
221, 7*K) 
950.300 
8.610.000 

lbs 

108.400 

108.400 

76,570 

76,570 

76,570 

tons 
16-021 
18-600 
14-908 
17- 123 
18-464 

49,900 
58,770 
47,212 
74,988 
76,780 

53,310 
53,070 
47.880 
93, 60 
94.320 

+  6 
-  1 

+  1 
+24 
+22 

■8 
8 

•4 
•9 
'8 

116,750 
175.200 
105.200 
297.900 
301,000 

81,075 

68,650 

72,690 

122,500 

123.300 

11-710 
14-880 
12-340 
11-628 
11-832 

79,916 
98,122 
137,322 
86,922 
42,122 

93.7C0 
106,350 
117.550 
108.100 

54,910 

+20 
+  8- 
-14 
+24" 
+30 

3 
4 
4 
4 
4 

801,500 

650,200 

2,919,000 

660.500 

95,230 

122,300 
121,200 
121.200 
123,200 
60.180 

12-418 
15-381 
21-530 
13-404 
13-299 

52.874 
87,356 
23,958 
28,244 
29,864 

56,934 
30,850 
16.020 
26,560 
31,930 

+  7 
-17 
-33 
-  6 
+  9 

'7 
4 
0 
0 
0 

791.000 
50.010 
22  575 
88.800 

355.200 

60,180 
57,420 
34.240 
84,240 
84.240 

16-693 
12-362 
13-294 
15-«70 
lG-290 

54,666 
57,854 
87,516 
48.180 
58.770 

64,750 
61,230 
28.940 
46,620 

55,180 

+18- 
+  6 
-22 
+  8 
+  2' 

4 
8 
8 
0 
6 

619.500 
619,000 
37,660 
136.600 
525,800 

70,270 
66,140 
68,310 
62,6o0 
59,880 

14-780 
16-476 
9-6('0 
13094 
17060 

58,770 
81,828 
41,164 
52,588 
50,796 

58,950 
25  &50 
81,660 
56.040 
56.010 

+  9- 
-19- 
-23 
+  6 
+10 

6 
4 
1 
5 
8 

540,000* 
33,160 
127  J50 
508.600 
508,600 

64.210 
61,090 
58.380 
61,090 
61,090 

17-665 
9-901 
13-892 
16-357 
15-799 

14,158 
20,832 
22,572 
6,514 
13,860 

9,667 
18,200 
23,510 

5,137 
11,235 

-31 

-18- 
+  4- 
-21' 
-19 

8 
4 
1 
2 
0 

11,530 

45.360 

181.440 

5,295 

20,830 

26,040 
26,040 
26,040 
18,870 
18,870 

10-350 
14-866 
16-509 
6-550 
18  920 

15,204 

16,180 

+  6-1 

88,310 

18,870 

15-277 

(») 

(•) 

W 

(to) 

00 

(12) 
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4  inches,  •  =  8^  inches,  L  =  11  feot,  hoth  ends  flat,  we  have 
223  X  (4*«  -  3i»«)  ^  11«,  or  228  x  (147  -  90-9)  -J-  121  = 
108*5  tons  s  F.  Correcting  for  incipient  crushing  (164),  the 
area  of  the  section  being  4*76  square  inches,  Cp  becomes 
4*76  X  19  =  90-25  tons,  J  Cp  =  67*69  tons,  hence  Po  = 
(108-5x90*25)  ^(103-5 +  67*69)  =  54-56  tons  breaking 
weight 

With  thin  plates  of  wrought  iron  correction  is  required  for 
incipient ''  Wrinkling  "  (249)  rather  than  incipient  crushing :  in 

our  case,  however,  the  wrinkling  strain  is  (V  -25  -f-  VlJ  x  80, 
or  (*5  -r  2)  X  80  =  20  tons  per  square  inch,  which  being  in 
excess  of  19  tons,  the  crushing  strength  of  wrought  iron  in 
pillars  (201),  the  strength  is  governed  by  the  latter. 

(283.)  «  Beetangular  Pillars  of  Wrought  Iron  "--Tot  rectan- 
gular sections,  other  than  square,  the  rules  for  square  pillars  are 
modified,  and  we  have : — 

(284.)  F  =r  Mp  X  <»  •  X  6  -r  L«. 

(235.)  I  =  !y { F  X  L»  4-  (Mp  X  h)). 

(286.)  b  =  FxL•-^(M,x<••0• 

(287.)  L  =  ^  (Mp  X  <»  •  X  5  4-  F). 

(288.)  Mp  =  F  X  L«  4- (<*•  X  h). 

Jn  which  the  letters  have  the  same  signification  as  in  (177), 
namely  F  =  the  breaking  weight  by  fiexure  in  lbs.,  tons,  &c., 
dependent  on  the  value  of  Mp  as  given  by  Table  84,  i  =  the 
thickness  or  least  dimension  of  the  rectangular  pillar,  the  2  *  6 
power  of  which  is  given  by  col.  8  of  Table  85  ;  &  =  the  greatest 
dimension,  and  L  =  length  in  feet,  &c, 

(289.)  Table  58  gives  the  results  of  twenty-one  experiments 
on  solid  rectangular  pillars  of  wrought  iron  by  Mr.  Hodgkinson ; 
col.  9  has  been  calculated  by  tbe  rule  (234),  the  value  of  M^  for 
rectangular  pillars  with  both  ends  flat  bsing  taken  at  498,500, 
or  say  500,000  lbs.,  from  Table  34.  Thus  taking  No.  9  as  an 
example,  to  find  f\  the  logarithm  of  -995  or  1-9978  x  2-6  =t 
1  99428,  the  natural  number  due  to  which,  or  -  9869,  is  the  2  *  6 
power  of  ty  and  7*5'  being  =  56*25,  the  rule  becomes  500000 
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X  -9869  X  5-86  H-  56-25  «  51410  lbs.  =  F,  or  tho  breaking 
weigbt  by  flexure,  as  in  col.  9.  We  shall  find  that  this  doe? 
not  require  correction  for  incipient  cmshing;  the  area  of 
the  section  is  5*86  X  *995  =  5*8307  square  inches,  and  the 
cmshing  strength  being  19  tons  or  42,560  lbs.  per  square  inch 
(201),  Op  becomes  42560  x  5*8307  =  248100  lbs.,  as  in  col.  8, 
therefore  i  Op  =  62025,  and  as  F  is  less  that,  namely  51,410  Ibs^ 
the  correction  is  not  required  (164).  The  experimental 
breaking  weight  was  54,114  lbs.,  as  in  col.  5,  hence  we  have 
51410  -r  54114  =  '95,  showing  a  difference  or  error  of  ^  6 
per  cent,  as  in  col.  7. 

Tablb  58. — Of  the  Stbbvgth  of  Rbctanoulab,  Solid  Pillabs  of 

Wbougbt  Iron,  both  ends  Flat. 


t 

a 

K 

6 


1 

2 


Ui«tb. 


fcct* 


10 
10 
310 

410 
6.  7' 


6 

7 

8 

9 

10 

11 
12 
13 
14 
15 

16 
17 

18 
19 
20 

21 
(1)1 


IXmrasioDS 
in  iDcbas. 


7-5 
7-5 
7-5 
7-5 
5 

5 
5 
5 
5 
2-5 

2-5 

2-5 
2-5 
1-25 
0-625 

0-8125 


2 
8 
2 
3 
1 

2 
3 
8 
5 


'98 
01 
99 
00 
024 

'983 
•005 
00 
'86 
•024 


X   -497 
X    -766 
X    '995 
xl-51 
X1025 

X    -5023 
X    -9955 
xl-63 
X    -995 
X1024 


2-98  X  '507 

8-01  X  -767 

801  X  -995 

5-84  X  -996 
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By  Experiment. 


Per 

Square 

liiob. 


•364 
508 
911 
538 
354 


1 
1 
4 
4 


1076 
4-425 
8-923 
4143 
7-709 


1-0235X1023511 


2" 
5' 

8' 

7- 


ToUL 


lbs. 
? 1.222 
7,793 
12,735 
46,050 
10,236 

3,614 


By  GalaiUtioo. 


Total 


lbs. 

2,418 

7,526 

14,760 

43,800 

9,691 

4,424 


Error 
Percent. 


•  • 

-  8 
+  15 

-  4< 

-  5 


CroBblng 

Strain, 

Ct, 


lb«>. 

63,030 

93,140 

126,600 

9192,800 

44,670 


+  22-4 


29,61626,400  -  10  9 
91,746,59,600  -34-8 
54,114151,410 
18,106|l7,590  -    2-8 


2 
8 
8 
1 


9867X 
01  X 
00  X 
023  xl 
023  xl 


6026 

763 

996 

023 

023 


1*023  X 1-023 
(3) 


7 
12 
13 
15 
21 


502 
790 
066 
901 
307 

524 
39G 
239 
•426 
733 


23-519 
(*) 


8 

29 

54 

102 

26 

25 

63 
88 
36 
50 


63,770 

127,3(»0 

195,300 

—    50248,100 


.46910,190  +20-4 
,  955128. 400;—    52 

-  9-7 

-  7-7 
+  21-4 


,11448,8601 
,94694.980: 
,530j32,200l 

,29929,080' 
.786  60,530' 
,01090,730; 
,162  40,630, 
,94643,500 


52,749 


44,284 
(«) 


+  15-0 

-  51 
+  2-4 
+  12  3 

-  14-6 

•  • 
(») 


44,6<»0 

64,310 

98.270 

127,400 

247.600 

44.580 

63,890 
97,760 
127.200 
44,540 
44,540 

44,540 


By 

Flexure, 

F. 


Ibe. 

2,418 

7,526 

14,760 

43,800 

9,691 

4,424 
26,400 
64,310 
51,410 
21,780 

10.190 
30.060 
59,420 
115,600 
86,980 

40.030 

119,200 

237,500 

347,400 

1,389,000 

5,5.58,400 
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To  Tary  the  illustration  we  will  take  a  pillar  very  nmilar  in 
section  to  the  last,  bat  only  5  feet  long,  say  Na  14  in  the 
Table  53:  the  logarithm  of -996  ^  1*99826  X  2-6  =r  1-995476, 
the  natural  nnmber  doe  to  which,  or  *  9896  =  f  * ;  then  500000 
X  *9896  X  5*84  -^  25  :=  115600  lbs.  =  F,  as  in  col.  9. 

Then  the  area  =  *996  x  5*84  s  5*8166  square  inches,  hence 
Cp  becomes  5*8166  X  42560  ==  247600  lbs.,  as  in  ooL  8,  |  Gp 
^  185700  lb&,  and  the  rule  in  (164),  giyes  (115600  x  247600) 
-7- (115600  +  185700)  ^  94980  lbs.,  reduced  breaking  weighk 
as  in  coL  6.  The  experimental  result  was  102,946  lbs.,  the 
difference  being  94980  -7- 102946  =  *923,  or  1*0  -  •  923  »  -077, 
showing  an  error  of  —  7*7  per  cent 

(240.)  Table  53  has  been  calculated  in  this  way  throughout : — 
the  sum  of  all  the  +  errors  in  coL  7  is  108*9,  and  of  all  the 
—  errors,  109*4,  they  are  therefore  practically  equalized.  The 
greatest  +  error  is  22  *  4  per  cent.,  and  the  greatest  —  error  s 
34*8  percent.  (959). 

(241.)  Messrs.  Eennard  ha^e  made  some  experiments  on 
wrought-iron  pillars  of  cruciform,  JL  iron,  and  other  sections, 
the  results  of  which  are  giyen  by  Table  54;  unfortunately 
there  is  some  doubt  as  to  the  form  at  the  ends,  some  were  cut 
away  there,  so  as  to  approximate  the  case  to  a  pillar  with  both 
ends  pointed,  and  others  approximate  to  the  form  of  pillars 
with  ends  flat.  All  we  can  do  is  to  calculate  for  hoth  conditions, 
and  it  will  be  found  that  the  experimental  results  are  between 
those  extremes  which  do  not  differ  nearly  so  much  as  1  to  8,  (149) 
being  govemed  by  incipient  crushing. 

(242.)  •*  WrattghUron  Pilkirs  of  +  Seetum."— The  cruciform 
pillars  were  of  the  sizes  shown  by  Fig.  44,  and  were  5  feet  l<mg ; 
they  would  therefore  fail  by  flexure  in  the  direction  of  the  least 
dimension  (2j^  inches),  and  the  strength  may  be  calculated  as  in 
(239)  by  the  rule  (234).  Thus  2^  •  =  10*84  by  coL  8  of 
Table  35 ;  for  a  pillar  with  both  ends  pointed  Mp  =  162900  by 
Table  34,  then,  162900  x  10  *  84  X  *  375  =  662200  lbs.  due  to  the 
rib  a  as  a  pillar  one  foot  long.  For  the  resistance  of  the  rib  o^ 
|>  •  =  *0781  by  coL  8  of  Table  35,  and  the  breadth  h  in  the  rule 
being 3  -  0*375  t:^  2*625,  we  obtain  162900  x  *0781  X  2*625 
s  83400  lbs.    The  aum  of  the  two  is  662200  +  88400  m 
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"Tablb  54.— Of  ExPBBiMKNTS  on  Wbought-ibon  Pillabs  of  T,  L» 

aud  other  S^ctioDs. 


Length. 

TwoEndiFUt. 

TwoEotb  Pbliit«& 

Form. 

r%- 

Cklciilaled. 

Mazhnmn: 
EzperiBMiit. 

Mlntmam: 
Experiment. 

GklcaUtcd. 

feet. 

••• 

5 

47,000  lbs. 

88,804  lbs. 

34,944  Ibe. 

25,350  Ibe. 

44 

»» 

n 

21-0  tons 

17*1  tons 

15*6  tons 

11-32  toDS 

ff 

X 

n 

59,670  lbs. 

62,989  Ibe. 

42.000  Ibe. 

35,350  Ibe. 

46 

♦» 

•» 

26  05  toot 

28  12  Uin8 

18-75  (ODB 

15-78  tooa 

ff    # 

L 

n 

21-79    „ 

18-75    „ 

•  • 

•• 

47 

n 

4 

24-99    M 

23-43    „ 

•• 

•• 

9f 

n 

8 

28-21     „ 

28-12    „ 

•  • 

•• 

tf 

»» 

1* 

82-22    „ 

81-80    M 

• . 

. » 

ft 

N 

5 

.  • 

•  • 

12-25    „ 

12-65    « 

n 

LJ 

ft 

20-28    „ 

17- 10    „ 

14-00    „ 

9-85    „ 

49 

(1) 

C«) 

(3) 

(«) 

(6) 

(•) 

0) 

695600  lb8.f  which  for  a  length  of  5  feet  hecomes  695600  -r-  5* 
ss  27824  Ihs.,  the  hreaking  weight  by  flexure  ss  F.  Bedaciiig 
this  for  incipient  oroBhing  (164) ;  the  area  of  the  whole  section 
is  1*88  square  inch,  hence  1*88  X  42560  =  80013  lbs.,  the 
Taloe  of  Cp,  and  60,010  lhB.=z  |  Cp ;  then  the  rule  (164)  becomes 
Po  =  (27824  X  80018)  -f-  (27824  +  60010)  =  25850  lbs.,  the 
reduced  breaking  weight  with  both  ends  pointed,  as  in  col.  6 
of  Table  54 :— experiment  ga^e  34,944  lbs.,  col.  5,  which  seems 
to  show  tiiat  the  form  at  the  ends  did  not  conform  to  that 
condition. 

With  both  ends  flat,  F  would  be  greater,  in  the  ratio  of  the 
respectiTe  Multipliers  Mp  given  by  Table  34,  and  becomes 
97824  X  500000  -h  162900  =  85400  lbs.,  which  corrected  for 
incipient  crushing  becomes  (85400  x  80013)  -^  (85400  +  60010) 
=  47000  lbs.,  col.  8 ;  experiment  gaye  38,804  lbs.,  col.  4,  which 
seems  to  show  that  the  condition  of  both  ends  flat,  so  &vourable 
to  strength,  was  not  fully  attained.  The  small  difference 
between  the  results  of  the  two  experiments,  namely  38304  — 
34944  ss  3360  lbs.  only,  or  about  9  per  cent.,  shows  that  the 
form  at  the  ends  were  nearly  alike,  although  intended  to  be  Tery 
The  calculated  difference  was  47000  -  25350  = 
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21650  Ibe.,  and  the  experimental  difierenoe  would  have  beett 
about  the  same  if  the  conditions  assumed  had  been  fulfilled. 
But  it  will  be  obeorred  that  the  two  experimental  results  fall 
between  the  two  calculated  ones. 

(243.)  **  Wrought'iron  ±  Pillars:'— Let  Fig.  45  be  the  section 
of  a  X  iron  pillar  of  wrought  iron,  say  10  feet  long,  both  ends 
flat.  Such  a  pillar  may  fail  by  flexure  in  any  one  of  the  three 
directions  shown  by  the  arrows  A,  B,  0,  and  of  course  it  will 
select  the  one  in  which  the  resistance  is  the  least,  or  where 
f^  X  h  has  the  lowest  value. 

In  the  direction  A,  we  have  (4«*  X  0-5)  +  (0-5**  x  8-5)  or 
{36-7  X  0-5) +  (-165  X  3-6)  =  18-9275. 

It  should  be  observed  that  the  rib  R  contributes  only  3  per 
cent,  to  the  strength:  it  might  therefore  be  neglected  with 
impunity :  thus  (•  166  x  3-6)  -^  18-9275  =  -03,  or  3  per  cent. 
(186).  In  the  direction  of  B,  reckoning  for  wrought  iron 
from  the  line  K,  as  we  found  it  necessary  to  do  in  calculating 
the   transverse    strength    (378),   we   have   (3*5**  x  0*5)  + 

/4«  •  —  3*5*'')  X  4|  =  55-8,  or  nearly  three  times  the  resistance 

in  the  direction  of  A :  the  pillar  will  therefore  not  give  way  in 
that  direction  unless  it  is  forced  to  do  so  by  the  mode  of  fixing. 
In  the  direction  of  0  we  must  calculate  for  wrought  iron 
from   the   line  P,  and  f  *  X  b  then  becomes  (0*5**  X  4)  + 

|4*-*  -  0-5«*)  X  0*6}  =  18-9275,  or  the  same  as  in  the 

direction  A ;  the  pillar  may  therefore  fail  in  either  direction 
indifferently.  Then  by  the  rule  in  (234)  we  have  223  X 
18-9275  -f.  100  =  42*24  tons  =  F.  Then  for  incipient 
crushing  (164),  the  area  of  the  section  being  3*75  square 
inches,  Cp  becomes  8*75  X  19  =  71*25  tons,  and  f  Cp  = 
53*54  tons,  hence  (42*24  x  71-25)  -f-  (42*24  +  53*44)  = 
31  *46  tons  breaking  weight. 

(244.)  Experiments  were  made  on  pillars  whose  section  is 
given  by  Fig.  46,  the  length  being  5  feet,  one  of  them  having 
flat  ends  or  approximately  so,  and  the  other  pointed.  Assummg 
that  the  pillar  will  bend  in  the  direction  of  the  arrow  D, 
and    calculating    as    in    (243),    we    have  (3**   x    *875)  + 
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<0-876«-*x  2-625)  op  (17-4  X  -875)  +  (-0781  X  2-626)  = 
6-78,  which  is  «*  •  x  6  in  the  role  (284),  hence  162900  x  6-78 
-T-  25  =£  48850  Ibe.  =  F,  or  the  breaking  weight  by  flexure. 
The  area  of  the  section  =2*1  square  iDches,  hence  Cp  = 
2-1  X  42560  =  89880  lbs.,  and  J  Cp  =  67030  lbs.:— then  the 
role  in  (164)  becomes  (43850  x  89380)  -r-  (43850  +  67030)  = 
85350  lbs.  breaking  weight  of  a  pillar  with  both  ends  pointed, 
ool.  6  of  Table  54 :  experiment  gave  42,000  lbs.,  coL  5. 

The  same  pillar  with  both  ends  flat,  gives  500000  x  6*78  -f- 
25  =  184600  lbs.  for  the  value  of  F,  hence  (184600  x  89380) 
^  (134600  +  67030)  =  59670  lbs.  breaking  weight,  col.  8 : 
experiment  gave  62,989  lbs.,  col.  4. 

(246  )  "  Wroughl^ran  L  Pi7/ar«.*'— This  form  of  pillar  fre- 
quently occurs  in  the  struts  of  roofs  and  other  structures,  the 
determination  of  the  strength  is  therefore  a  matter  of  consider- 
able practical  importance.  We  have  first  to  find  the  direction 
in  wldch  such  a  pillar  will  fail  by  flexure,  which  of  course  will 
be  the  one  in  which  it  is  the  weakest. 

Let  Fig.  48  be  the  section  of  a  8-inch  angle-iron,  f  inch 
thick,  which  as  a  pillar  may  fail  by  flexure  in  one  of  three 
directions  indicated  by  the  arrows  A,  B,  0.  To  find  <*  *  X  6  in 
the  direction  A  we  must  calculate  from  the  line  N  for  wrought 

iron  (878),  and  we  have  (r*  X  8)  -f-  {3"*  -  T*)  X  j}  or 

( •  0781  X  8)  -f  |l7  •  4  -  •  0781)  x  •  875}  =  6  •  78.    In  the  other 
direction  B,  we  must  calculate  from  the  line  P,  and  we  obtain 

|8«-'  -  2J«-^  X  8}  +  (2F'*  X  I)  or  {l7-4  -  12-28)  X  3}  -h 

(12*28  X  '376)  =  19*965,  or  nearly  three  times  the  strength 
in  the  direction  A.  For  the  direction  C,  t  must  be  measured 
angle-wise,  and  in  our  case  becomes  2^  inches  as  in  the  figure, 
the  breadth  h  becoming  the  sum  of  the  thicknesses  of  the  two 
ribs,  or  J  inch.  We  thus  obtain  2i«»  X  J  or  8*28  x  -75  = 
6*1725,  which  being  less  than  either  of  the  others,  shvws  that 
the  pillar  will  fail  in  the  direction  C. 

(246.)  Experiments  were  made  on  ^iflars  whose  section  is 
given  by  Fig.  47 ;  there  were  four,  flat  at  both  ends,  the  lengths 
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being  1]^,  8,  4,  and  5  feet  respective! j ;  one  was  6  feet  long  with 
both  ends  pointed  or  approximately  so.  Admitting  that  the 
pillar  will  fail  by  flexure  in  the  direotion  of  the  arrow  as  in 
(245),  t  will  be  2^  inches,  and  6  =  f  inch,  and  taking  Mp  from 
Table  84  at  223  tons,  and  2^**  at  8-28  from  Table  85,  we 
obtain  for  1^ feet  long  223  X  8*28  x  625 -f- 2-25  =  510-2  tons 
for  the  yalae  of  F.  This  requires  correction  for  incipient 
crushing  (164):  the  area  being  1*78  inch,  and  the  crushing 
strength  of  wrought  iron  in  pillars  =  19  tons  per  square  inch 
(201),  Op  becomes  1*78  X  19  =  88-82  tons,  and  |  Op  s 
25-36  tons;  then  (510-2  x  33-82)  -f-  (510-2  +  25-36)  = 
82  -  22  tons,  ooL  8 :  experiment  gave  31-8  tons,  col.  4.  Table  54 
has  been  calculated  in  this  way  for  the  several  lengths,  from 
Ijl  to  5  feet. 

For  the  pillar  with  both  ends  pointed,  Mp  s  72-7  from 
Table  84,  and  the  rule  becomes  72*7  X  8-23  x  -625  -^  25  = 
14-96  tons  =  F:  then  (14-96  X  38-82)4- (14-96  +  25-36)  = 
12*55  tons,  col.  6,  the  reduced  breaking  weight:  experiment 
gave  12*25  tons,  col.  5 

(247.)  **  Wrought-iron  ^^  Pillars,** — Experiments  were  made 
on  two  pillars  whose  section  is  given  by  Fig.  49.  Such  a  pillar 
might  fail  by  flexure  in  one  of  three  directions  as  indicated  by 
the  arrows  A,  B,  0.  In  the  direction  A,  the  thin  ribs  B,  R 
would  be  subjected  to  compression,  therefore  (378)  we  must 
calculate  the  strength  from  the  line  N,  and  (^'  x  6  by  which 

the  strength  is  governed,  becomes  (J***  X  8)  +  {l}*'*-|"*)  X  i) 

or  (-0781  X  8)  +  {4-28  -  -0781)  x  -75}  =  8-8857.    In  the 

direction  B,  we  have  (lj«'  x  8)  -  (If  x  2i) or (4-28  X  3)  - 
(2-28  X  2-25)  =  7-71,  or  about  double  that  in  the  direction  A. 
In  the  third  direction  0,  we  obtain  (3««  x  If)  -  (2i««  x  If) 
or  (17-4  X  1-75)  -  (8-23  X  1-375)  =  19-134,  or  nearly  six 
times  the  strength  in  the  direction  A.  We  find  from  this  that 
the  strength  of  the  pillar  must  be  calculated  for  A ;  then  for 
both  ends  flat  Mp  =  228,  and  for  a  length  of  6  feet  we  have 
2-33  X  8  •  8857  -1-25-80-23  tons  =  F.  Beducing  for  incipient 
crushing,  the  area   being  2*15    square  inches^  Op  beocmea 
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2*15  X  19  =r  40*85  tons,  and  |  Cp  =  80-64  torn,  hence 
(30-23  X  40-85)  —  (30-23  +  30-64)  =  2028  tons,  coL  3. 
EiXperiment  gave  17-1  tons,  ooL  4. 

For  the  same  pillar  with  two  pointed  ends  we  obtain 
72-74  X  3-3857  -r  25  =  9-85  tons  tr  F,  which  being  less  than 
^  Op,  correction  for  incipient  crashing  is  not  required  (169), 
and  the  breaking  weight  is  9  -85  tons :  experiment  gaye  14  tons, 
coL  5. 

The  experiments  gave  17-1  and  14  tons  respectiyely ;  the 
difference  is  only  3-1  tons,  whereas  the  calculated  difference  is 
20-28  -  9-85  =  10*43  tons,  which  shows  that  in  the  experi- 
ments the  assomed  form  at  the  ends  was  not  complied  with 
perfectly  in  either  case  (241).  Here  again  Uie  experimental 
results  fiBkll  between  the  calculated  ones,  as  in  (242). 

Table  54  giyes  a  collected  statement  of  the  residts  of  experi- 
ment and  calculation  on  these  pillars  of  unusual  sections  (242) 
to  (247). 

"  Hcilow  Rectangular  PiUara  of  Wrought  Iron*^ — For  iwctan- 
gular  pillars  other  than  square  the  rules  in  (230)  become : — 

(248.)      F  =  Mp  X  {<•-  X  5)  -  (<o* •  X  ho) 4-  L". 

In  which  t  «  the  least  dimension  of  the  pillar  externally,  and 
lo  internally ;  h  =  the  breadth  or  largest  dimension  externally, 
and  &o»  internally,  all  in  inches,  and  the  rest  as  in  (233),  namely 
L  =  length  in  feet,  Mp  =  multiplier,  whose  value  is  given  by 
Table  34,  and  F  =  the  breaking  weight  by  flexure,  in  lbs.  or 
t<ms  dependent  on  Mp. 

Thus  for  a  pillar  3x4  externally,  and  21^x8^  internally, 
in  which  <  s  3;  6  =  4;   (o  =  ^i;  &o  =  3j^;  L  =  9  feet,  both 

ends  being  flat,  we  have  223  X  {3«"*  x  4)  -  (2^"  x  3^}  -^  81, 

or223  x{l7-4  x  4) -(10-84  x  8-5}-^ 81  «  87-24  tons  =  F. 

Correcting  for  incipient  crushing,  the  area  being  3-25  square 
inches.  Op  becomes  3 -25  x  19  =  61  - 75  tons,  |  Op  =  46-31  tons, 
therefore  by  the  rule  in  (164),  (87-24  x  61-75)^(87-24  + 
4(>-31)  s  40-84  tons  breaking  weight.  In  this  case,  as  in 
(232),  correction  for  incipient  *'  Wrinkling  "  is  not  required. 

L  2 
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(249.)  "  Incipient  Wrmkling:*— It  is  shown  in  (306)  that  thin 
wrought-iron  plates,  where  the  breadth  is  considerable,  will  fail 
by  wrinkling  or  cormgating  nnder  a  compressive  load,  with  a 
strain  very  mnch  less  than  the  absolute  cmshing  strength  of 
wrought  iron.  For  plates  forming  the  sides  of  a  pillar,  we  have 
the  rule : — 

(250.)  Ww  =  (V<  -T-  Vfe)  X  80. 

In  which  t  =  the  thickness  of  plate,  and  h  =  the  brealth  un- 
supportod,  both  in  inches,  Ww  =  the  compressive  wrinkling 
strain  in  tons  per  square  inch.  Thus  for  a  plate  ^  inch  thick, 
and  9  inches  wide,  forming  one  side  of  a  pillar  9  inches  square, 

we  have  (Vi  -r  V9)  x  80,  or  (-8535  -f-  3)  x  80  =  9-427 
tons  per  square  inch,  being  less  than  half  the  crushing  strength 
of  wrought  iron  in  pillars  (201),  which  is  19  tons  per  square 
inch.  When,  however,  the  plate  is  thick  in  proportion  to  the 
breadth,  the  wrinkling  strain  may  become  greater  than  the 
crushing  strength,  and  in  that  case  the  strength  of  the  pillar  is 
governed  by  the  latter.  An  example  of  this  is  given  in  (409). 
Table  63  gives  the  wrinkling  strain  for  wrought-iron  plates  of 
various  thicknesses  and  breadth  when  forming  part  of  a  pillar 
particularly,  for,  as  shown  in  (321)  and  Table  62,  the  resistance 
of  plate-iron  in  beams  is  greater  than  in  pillars  in  the  ratio  of 
104  to  80. 

(261.)  It  should  be  observed  that  the  strength  of  a  pillar  is 
governed  by  that  of  the  weakest  plate : — ^for  instance,  in  a  rec- 
tangular pillar  whose  sides  are  in  the  ratio  of  2  to  1,  with  equal 
thickness  all  over,  the  narrow  end  plates  are  stronger  than  the 
sides  in  the  ratio  of  ^2  to  V^l,  or  1-414  to  1-0,  but  when  the 
wide  plate  fails  by  wrinkling  under  the  strain,  the  whole  of  the 
load  is  thrown  upon  the  end  plates,  and  they  fail  under  that 
increased  load  in  spite  of  their  superior  strength,  which  in  such 
a  case  goes  for  nothing.  Evidently,  the  most  judicious  course 
is  to  make  the  wide  plates  thicker  than  the  narrow  ones,  so  as 
to  produce  equality  of  strength  all  over ;  and  as  the  resistance  to 
wrinkling  is  proportioned  to  V<  -5-  V^  by  the  rule  in  (250),  it 
follows  Uiat  the  thickness  of  plate  should  be  simply  proper- 
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tionate  to  tbe  breadth  ansupported,  so  tbat  for  broadtbs  in  tbe 
ratio  of  1,  2,  3,  tbe  tbicknesses  sbonld  be  in  tbe  ratio  1,  2,  3 
also. 

Wben  it  is  tbns  found  tbat  tbe  Wrinkling  strain  is  less  tban 
ibe  cmsbing,  tbe  correction  of  F  most  be  made  by  tbe  rule : — 

(252.)  P,  =  F  X  C,  -t-  (P  +  J  Ow). 

But  wben  tbe  cmsbing  strain  is  less  tban  tbe  wrinkling,  tbe 
rule  becomes : — 

(253.)  Po  «  F  X  Cp^(F  +  }Cp). 

In  wbicb  F  =  the  breaking  weight  of  the  pillar  doe  to  flexure 
by  the  rale  in  (248),  <&c. ;  C  =  tbe  specific  crushing  strength  of 
wrought  iron  per  square  inch,  namely  19  tons,  or  42,560  lbs. ; 
Op  =  resistance  of  tbe  pillar  to  crushing^  due  to  tbe  area  of  tbe 
section,  and  tbe  value  of  C ;  Ww  =  the  wrinkling  strain  in  lbs., 
tons,  <S^^  per  square  inch,  which  varies  with  the  thickness  and 
breadth  of  tbe  plate,  and  may  be  calculated  by  tbe  rule  in  (250) 
or  (308).  Cw  =  the  wrinkling  strain  on  the  whole  pillar,  due 
to  the  area  of  the  section,  and  the  value  of  Ww ;  Po  =  the 
breaking  weight  of  tbe  pillar  reduced  for  ^  Incipient  Crushing  " 
in  tons,  lbs.,  &c.,  dependent  on  the  terms  of  F  and  0 ;  Pw  =  the 
breaking  weight  of  the  pillar  reduced  for  '*  Incipient  Wrink- 
ling "  in  tons,  lbs.,  &a. 

Of  course  it  will  be  understood  that  the  whole  must  be  taken 
in  tbe  same  terms ;  for  instance,  if  F  be  taken  in  Tons,  all  tbe 
rest  must  be  in  Tons  also. 

(254.)  ^* Experimental  Restdta** — Table  55  gives  tbe  results 
of  29  experin^ents  by  Mr.  Hodgkinson  on  square  and  rect- 
angular pilUirs  of  thin  wronght-iron  plate;  col.  9  gives  the 
calculated  breaking  weights  by  flexure,  or  F ;  the  square  pillars 
by  the  rules  in  (230),  and  the  rectangular  ones  by  those  in 
(248). 

(255.)  "  Square  Pillars'* — As  an  example  of  tbe  former  we  may 
take  No.  4,  whose  section  is  shown  by  Fig.  50 ;  to  find  S'*,  we 
bave  tbe  logarithm  of  8*1  =  0' 908485  x  3*6  =  3 -270546,  tbe 
natural  number  due  to  which  =  1864.  Then  for  i*'*,  tbe  loga- 
rithm of  7-98  r=  0-9020J3  X  3*6  =  3-247211    the  natural 
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Tablb  66.<— Of  the  Strength  of  Square  and  Rectanqular 
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*  No*.  11, 16,  IT.  18,  and  19  were  two^elle^  as  In  Fig.  62. 

X  No«.  1  and  11  susUined  the  atraiu  given  In  roL  t,  fevi  v< 
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l^iLLABSy  of  Thin  Wbouoht-ibon  Platu,  both  ends  Flat. 
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f  5oft.  6,  7,  8,  and  9  were  four-orUed.  Fig.  14% 
broken,  mt  mn  tbegr  Ukeljr  to  break,  m  abowo  bjr  cui.  Y. 
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number  dae  to  which =1767 :  from  these  we  obtain  1864^1767 
=  97  for  the  value  of  S*'*  -  «••  in  the  rule  in  (230).  Taking 
the  value  of  M?  from  Table  34,  at  498,500  lbs.,  we  obtain 
498500  X  97  -^  100  =  483600  lbs.  =  F,  as  in  col.  9. 

(256.)  This  will  require  correction  for  "Incipient  Wrink- 
ling": we  have  first  to  find  Ww  by  the  rule  (250),  namely 
^w  =  {^/t'T•  a/B)  X  80,  which  in  our  case  becomes  (V  '06 -f" 
VFT)  X  80,  or  (-2449-7- 2 -846)  x  80  =  5 -468  tons  per  square 
inch,  as  in  coL  11.  This  is  a  very  low  result,  and  is  due  to  the 
extreme  thinness  of  the  plate.  To  find  (V  ^^  lbs.,  the  area  of 
the  whole  section  being  2 '  07  square  inches  by  col.  4,  we  have 
5  •  468  X  2240  x  2  •  07  =  26350  lbs.,  as  in  col  10,  therefore 
^*  Cw  =  19010  lbs.,  and  the  rule  (252),  or  P^  =  F  X  Cw  -f- 
(F  -h  JCw)  becomes  483600  x  25350-^(483600  +  19010)  = 
24390  lbs.,  the  reduced  breaking  weight,  as  in  col.  7.  The 
experiment  gave  27,545  lbs.,  hence  we  have  24390  -7-  27545  = 
•886,  showing  an  error  of  1*0  —  '886  =  '114,  or  —  11*4  per 
cent.,  as  in  col.  8. 

We  may  now  give  an  illustration  of  the  error  that  would 
have  occurred  in  this  case  if  we  had  neglected  "Wrinkling'* 
and  calculated  for  incipient  crushing  in  the  ordinary  method  for 
solid  pillars.  Thus  C,  or  the  crushing  strength  of  wrought 
iron  in  pillars,  being  19  tons,  or  42,560  per  square  inch,  and 
the  area  2  *  07  square  inches,  Cp  becomes  42560  x  2  -  07  = 
88100  lbs.,  and  i  Cp  =  66070  lbs. ;  then  the  rule  ?<,  =  F  x  C,* 
-i-  (F  + 1  Op),  becomes  483600  x  88100  -^  (483600  +  66070) 
=  77510  lbs.,  whereas  experiment  gave  27,545  lbs.  only.  The 
calculated  strength  is  77510-7-275^5  =  2*814  times  the  ex- 
perimental ;  an  error  of  181  *  4  per  cent.  1 

(257.)  "  Bedangular  Pillara." — As  an  example  of  the  method 
of  calculating  the  strength  of  rectangular  pillars  of  thin  plate- 
iron  by  the  rules  in  (248)  and  (252),  <&c.,  we  will  take  No.  15 
in  Table  55,  whose  section  is  shown  by  Fig.  51.  For  f\  the 
logarithm  of  4-1,  or  0-612784  X  2  6  =  1-593238,  the  natural 
number  due  to  which  is  89*2,  hence  f'*  x  hy  becomes  39*2  x 
8-175=320-5;  then  for  t^^'\  the  logarithm  of  8-978,  or 
0*599665  X  2*6  =  1-559129,  the  natural  number  dae  to  which 
ifl  36*235,  and  C*  X  b^  becomes  86*235  x  8053  =  291-8. 
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With  these  yalues,  and  a  length  of  2  -  333  feet,  the  rule  in  (248), 
namely  P  =  Mp  X  |  <^*  X  6)  -  (C  *  X  2>o  l  -f-  L«,  beoomefl  in 

our  case  498500  X  (320-5  -  291 -8)  4- 5 -444  =  2,628,000  lbs* 
breaking  weight  by  flexure  =  F,  as  in  col.  9. 

(258.)  Correcting  this  resnlt  for  "Incipient  Wrinkling" 
(249),  we  have  to  find  Ww  by  the  rule  (250),  or  Ww  =  ( V^  -r  V  Sj 
X  80,  which  in  our  case  becomes  (V"^l  -f-  V8*175)  x  80, 
or  (•247-^2-859)  x  80  =  6-911  tons  per  square  inch,  and 
the  area  of  the  whole  section  being  1*  532  square  inch  by  col.  4, 
we  obtain  6-911  X  2240  x  1*532  =  23720  lbs.  for  the  value 
of  Cw,  and  17790  lbs.  for  }  Cw  Then  the  rule  in  (252), 
namely  Pw  =  F  x  Cw  -r-  (F  +  |  C^)  becomes  2628000  x  23720 
-f-(2628000+ 17790)  =  23560  lbs.,  the  reduced  breaking  weight, 
as  in  coL  7.  Experimont  gave  24395  lbs.,  as  in  col.  6 ;  henoe 
23560 -T- 24395  =  -966,  showing  an  error  of  1-0  -  0*966  = 
034,  or  ~  3*4  per  cent,  as  in  col.  8. 

(259.)  If  in  this  case  we  hod  neglected  "Wrinkling,'*  and 
corrected  F  for  incipient  crushing,  the  error  would  have  been 
enormous.  Thus  the  area  being  1  *  532  square  inch,  Cp  becomes 
42560  X  1 '  532  =  65200  lbs.,  and  |  Cp  =  48900  lbs. :  then  the 
rule  (253)  becomes  2628000  x  65200  -f-  (2623000  +  48900)  = 
80585  lbs.,  whereas  experiment  gave  24,395  lbs.  only.  The 
calculated  strength  by  this  erroneous  method  is  80585  -f-  24395 
=  8*80  times  Uie  experimental,  showing  an  error  of  230  per 
cent.  1 

(260.)  "  CeUular  Pt7Zar»."— -Several  of  the  rectangular  pillars 
in  Table  55  were  cellular,  having  a  plate  in  the  centre  by  which 
they  were  divided  into  two  compartments  or  cells:  in  calcu- 
lating the  strength  of  such  pillars  some  modification  in  the 
method  of  applying  the  rules  becomes  necessary.  We  will  take 
No.  17  as  an  illustcation,  the  section  of  which  is  shown  by 
Fig.  52.  Obviously  the  pillar  would  fail  by  flexure  in  the 
direction  of  its  least  dimension,  t  will  therefore  be  4*1  inches, 
and  6  =  8-1  inches,  as  usual.  To  find  h^,  we  may  imagine  the 
ci)ntral  pbite  a;  to  be  divided  into  two  equal  portions,  one  of 
which  is  added  to  each  of  the  two  side  plates  z^  c,  and  we  thus 


154  OBLLULAB  P1LLAB8 :    PLATS-IBOV. 

obtain  the  simple  section  Fig.  53 :  we  can  then  proceed  with 
the  oalcolation  in  the  usual  way,  as  illustrated  in  (257). 

Thus  to  find  <»•,  the  logarithm  of  4-1,  or  0-612784  x  2-6  = 
1 '  598238,  the  natural  number  due  to  which  is  89  *  2 ;  then  for 
<o*«,the  logarithm  of  8-982,  or  0-600101  x  2-6  =  1-560263, 
the  natural  number  due  to  which  is  36  *  83 :  the  value  of  Mp  = 
498500  lbs.  as  before,  and  the  length  or  7*625*  being  58-14, 

the  rule  in  (248),  namely  F  =  Mp  X  {t**  x  6)  -  (C  X  h} 

-4-L',  becomes  498500  X  {89-2  x  8-1)  -  (36-83  x  7-923} 

-r-  58- 14  r:  254700  lbs.  =  F,  as  in  col.  9. 

(261.)  In  correcting  for  incipient  wrinkling  it  must  be  ob- 
served that  the  effect  of  the  central  plate  is  to  reduce  the 
breadth  of  the  wide  plate,  in  our  case  to  half  or  4-05  inches; 
then  the  greatest  breadth  unsupported  is  the  end  plate  or  4*  1 
inches,  and  the  wrinkling  strain  must  be  calculated  for  that 

width.  The  rule  in  (250),  namely  Ww  =  WT-r-  ^h)  X  80, 
becomes  in  our  case  (V -"059  4- V  4T)  X  80,  or  (•  2429 -T- 2  •  035) 
X  80  s  9-596  tons  per  square  inch,  as  in  coL  11 :  then  the 
area  of  the  whole  section  being  1  *  885  square  inches  by  col.  4, 
Gw  becomes  9  •  596  x  2240  x  1  *  885  =  40520  lbs.,  as  in  coL  10, 
and  I  Ow  =  30390  lbs.  The  rule  in  (252),  namely  Pw  = 
F  X  Cw  -f-  (F  +  }  Cw),  becomes  254700  x  40520  -4-  (254700  + 
30890)  =  36190  lbs.,  as  in  col.  7.  Experiment  gave  45,451  lbs., 
as  in  coL  6;  hence  86190-7-45451  =  -796,  showing  an  error 
of  1-0  -  0-796  =  -204,  or  -  20-4  per  cent.,  as  in  coL  8. 

(262.)  <<  Faur^Ued  Pillars:'— Foxa  of  the  pillars  in  Table  55 
Nob.  6  to  9,  were  divided  by  central  plates  into  four  compart- 
ments or  cells,  as  shown  by  Fig.  54,  the  lengths  varying  from 
10*  1  feet  to  2^  feet.  In  calculating  the  strength  of  this  pillar 
we  may  assume  that  it  will  bend,  and  fail  by  flexure,  say  in  the 
direction  of  the  arrow.  In  that  case  the  cross-plate  B  will  be 
in  the  neutral  axis  N,  A,  and  will  add  nothing  to  the  strength 
of  the  pillar  in  resisting  flexure.  The  effective  section  there- 
fore becomes  as  in  Fig.  55,  and  the  case  is  assimilated  to  (260), 
and  may  be  calculated  in  the  same  way  :  adding  the  thickness 
of  the  plate  e  to /and  g  in  equal  portions,  we  finally  reduce  the 
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ease  to  Fig.  56,  with  this  ezoeptioiiy  tiiat  the  *' WrinkliDg " 
Btrain  will  be  that  doe  to  the  breadth  H,  or  4*05  inches, 
Fig.  55,  not  8*1  inches  m  at  D  in  Fig.  56;  again,  although 
the  croBS-plate  B  adds  nothing  to  the  strength  in  resisting 
flexore,  it  has  its  full  effidot  in  resisting  wrinkling,  and  bo 
finally  affects  the  strength  of  Uie  pillar. 

(268.)  Taking  No.  6  as  an  example  of  the  mode  of  calcnlating 
pillars  of  this  form: — ^to  find  f\  the  logarithm  of  8*1  or 
0-908485  X  2*6  =  2*862061,  the  natural  number  due  to  which 
is  230*176.  For  CA  the  logarithm  of  7*79726,  or  0*901599 
X  2*6  =  2*844157,  the  natural  number  due  to  which  is  220*9. 

The  rule  (248),  namely  F  =  M,  X  {<"•  X  6)  -  ((a**  X  h)  -f-  L\ 

becomes   498500  x  {280*176  x  8-1)  -  (220*9  x  7*9089} 

-7- 102  =:  578800  lbs.  =  F,  as  in  ooL  9. 

Beducing  for  incipient  wrinkling  (249),  we  haye  to  take  H 
in  Fig.  55,  or  half  the  side  of  the  square  for  the  breadth,  as 

explained  in  (262),  and  the  rule  W^  =  ( ^1  -7-  V5)  X  80,  be- 

oomes  W^Om  -4-  /ToS)  X  80,  or  (-25239  -f-  2*012)  x  80 
=s  10*04  tons  per  square  inch,  as  in  col.  11,  and  the  area  of 
the  whole  section  being  3*551  square  inches  by  coL  4,  we 
obtain  10*04  x  2240  x  3*551  =  79830  lbs.  for  the  value  of 
Cw9  therefore  59,870  lbs.  for  f  Cw,  and  the  rule  (252),  or  Pw  == 
p  X  Ow  -f-  (F  +  f  Cw)  becomes  573800  x  79830  ^  (573800  + 
59870)  =  72280  lbs.  breaking  weight,  as  in  ooL  7.  Experiment 
gave  70,070  lbs.,  as  in  col.  6 ;  hence  72280  -^  70070  =  1*031, 
showing  an  error  of  +  3*  1  per  cent.,  as  in  coL  8. 

(264.)  Table  55  has  been  calculated  throughout  in  the  way 
we  have  thus  explained  and  illustrated: — ^the  mean  ayerage 
error  on  the  27  experiments  in  which  the  pillars  were  broken,  is 
—  2^  per  cent,  for  the  suoa  of  all  the  minus  errors  in  coL  8,  is 
185*5,  and  of  all  the  plus  errors  124*6,  giving  a  diffarenoe  of 
185  *  5 — 124  *  6 = 60  *  9,  which  on  27  experiments  g^ves  an  average 
of  60*9-7-27  =  2*25  per  cent  The  range  of  the  errors  is 
pretty  nearly  equal,  the  greatest  +  error  being  28*5  per  cent., 
and  the  g^reatest  —  error,  23  percent.  (959).  It  will  be  observed 
that  the  highest  wrinkling  strain  in  col.  11,  is  18*86  tons  per 
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square  incK  which  beiog  less  than  19  tons,  the  crushing 
strength  of  \i rough t  iron  in  pillars,  correction  had  to  be  maile 
for  "  Incipient  Wrinkling  "  rather  than  "  Incipient  Orushing," 
as  explained  in  (252).  Comparing  cols.  7  and  9,  it  will  be 
seen  that  correction  was  required  in  every  case,  without  excep- 
tion. In  two  cases,  Nos.  1  and  11,  the  pillars  were  not  strained 
np  to  the  breaking  point,  but  it  is  satisfactory  to  observe  that 
the  calculation  shows  they  were  not  likely  to  break  with  the 
experimental  strain,  the  calculated  breaking  weight  in  coL  7| 
being  in  both  cases  in  excess  of  that  strain  in  coL  6. 

(265.)  ^^ Economic  Value  of  Cells" — We  are  now  in  a  position 
to  estimate  the  value  of  division-plates  in  cellular  pillars  as  a 
matter  of  economy.  Taking  a  plain  rectangular  pillar  with 
sides  in  the  ratio  of  2  to  1,  and  so  short  that  the  case  is 
practically  governed  by  the  resistance  to  wrinkling,  irrespective 
of  flexure ;  by  the  addition  of  a  central  plate,  we  increase  Ww, 
or  the  wrinkling  strain  per  square  inch,  in  the  ratio  of  ^/2  to 
VTor  1*414  to  1*0,  or  41 '4  per  cent.  But  the  area  of  the 
whole  section  is  also  increased  in  the  ratio  of  7  to  6,  or  from 
1-0  to  7  -4-  6  =  1-167  or  16-7  per  cent,  so  that  the  total 
increase  in  strength  is  1*414  x  1*167  =  1*65,  or  65  per  cent. 
As  the  strength  is  increased  by  the  centre  plate  65  per  cent., 
and  the  weight  16*7  per  cent.,  the  net  economic  advantage  from 
it  is  65  -  16*7  =  48*3  per  cent. 

But  this  will  apply  only  to  a  pillar  so  short  that  the  strength 
is  governed  exclusively  by  the  resistance  to  wrinkling,  irre- 
spective of  flexure,  which  in  long  pillars  will  so  afifect  the  case 
that  no  general  ratio  can  be  given,  as  it  will  vary  with  the 
length  and  general  sizes  of  the  pillar. 

(266.)  The  fairest  comparison  may  be  made  by  taking  a 
concrete  case :  say  we  take  the  four-celled  pillar  No.  6  in  Table 
o5  and  Fig.  54,  whose  calcvlated  strength  as  given  in  col.  7  was 
72,280  lbs.  Then  removing  the  tvco  centre-plates  and  adding 
the  material  in  them  to  the  four  side-plates  we  obtain  a  plain 
square  pillar  as  in  Fig.  57,  whose  total  area  or  weight  is  pre- 
cisely the  same  as  that  of  the  cellular  one  Fig.  54,  thus  the  4 
sides  in  the  plain  pillar,  or  '09555  X  4  &  -3822  and  the  4  sides 
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uid  2  oentre-plates  in  the  oellnljur  one  give  *0G37  x  6  a  *8822 
also. 

Calcnlating  as  in  (254);  the  logarithm  of  8*1  or  0*908485 
X  3-6  =  8-270546,  the  natural  number  due  to  which  is 
1864-4;  then  the  logarithm  of  7*9089  or  0*898117  x  8*6  = 
3*233221,  the  natural  number  due  to  which  is  1711.  The  rule 
in  (230),  namely  F  =  Mp  X  (S»*  -  «» « )  ^  L*,  becomes  in  our 
case  498500  x  (1864*4  -  1711)  4- 102  =  749700  lbs.  =  P. 

Reducing  for  incipient  wrinkling,  the  rule  in  (250)  namely 

Ww  =  WT-r-  V5)  x  80, becomes  (7*01^555^  V8^l;  x  80,  or 
(•309 -T- 2-846)  X  80  =  8*686  tons  per  square  inch,  and  the 
area  being  as  before  3  *  551  square  inches,  C^  becomes  8  -  686  x 
2240  X  3-551  =  69090  lbs.,  and  J  Cw  =  51820  lbs.  Then  the 
rule  in  (252),  namely  Pw  =  F  x  Cw  -^  (F  +  |  0^ )  becomes 
749700  X  69090  -^  (749700  +  51820)  =  61620  lbs. 

Now  the  cellular  pillar  of  the  same  external  size,  length,  and 
area  or  weight  of  metal,  gave  72280  lbs.,  or  72280  -^61620  = 
1-1185  or  11-85  per  cent,  in  excess  of  the  plain  pillar.     The 
advantage  of  the  cellular  form  is  thus  shown  to  be  the  greatest  in 
the  case  of  short  pillars ;  see  (265),  which  gave  48  -  3  per  cent. 

(267.)  "  Steel  Pillars.** — The  only  experiments  we  have,  are 
three  by  Mr.  Hodgkinson,  the  results  of  which  are  given  in 
Table  44,  Nos.  28  to  30.  Under  these  circumstances,  all  we 
can  do  is  to  assume  that  steel  pillars  follow  the  same  laws  as 
those  of  wrought  iron  in  (196),  (225),  &c.:  the  values  of  Mp  are 
given  by  Table  34,  and  are  based  on  the  experiments.  It  will 
be  observed  that  they  follow  the  ratio  1,  2,  3  exactly,  which 
agrees  almost  precisely  with  the  experimental  ratios  when  cor* 
rection  is  made  for  incipient  crushing. 

In  Table  44,  col,  9  has  been  calculated  by  the  rule  Mp  X 
D» •  -^U :— thus  with  No.  30,  having  both  ends  flat  for  D*«  we 

have  the  logarithm  of  -87  *=  1*939519  x  3*6  =  T-782268,  the 
natural  number  due  to  which  is  *  6058 ;  then  325500  X  *  6058 
-J-  6*25  a:  31550  lbs.  =  F,  as  in  col.  9. 

(268.)  Correcting  for  incipient  crushing,  we  have  the  same 
difficulty  as  with  wrought  iron  (503)  in  determining  the 
crushing  strength  of  Steel.    From  experiments  cu  the  transverse 
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Btrengih  (507)  we  foond  it  to  be  61  *  48  tons  per  square  inch :— • 
if  we  adopt  that  for  steel  pillars,  only  the  one  with  two  ends 
flat  in  the  experiments  requires  correction  for  incipient  crashing 
(164),  and  applying  it  to  that  one,  we  obtain  a  result  too  high 
by  6*7  per  cent.  For  reasons  indicated  in  (504),  Ac,  the 
crushing  strength  of  malleable  metals  appears  to  be  less  in 
pillars  than  in  beams : — thus  experiments  on  the  transyerse 
strength  of  wrought  iron  (520)  seem  to  give  0  =  21  tons  per 
square  inch,  but  in  pillars  we  found  by  the  experiments  (201)  that 
0  =  19  tons  only.  Following  the  same  course  with  steel,  we 
find  the  crushing  strength  in  pillars  to  be  52  tons,  or  116,480  lbs. 
per  square  inch. 

With  this  value  for  0,  we  obtain  for  our  pillar  *  87  inch  dia- 
meter, •87»  X  -7854  X  116480  =  69240  lbs.  for  the  value  of 
Cp,  and  51,930  lbs.  for  }  Op;  hence  (81550  x  69240) -f- (81560 
+51,930)  =  26070  lbs.,  col.  7,  breaking  weight,  or  practically 
the  same  as  by  experiment,  which  gave  26,059  lb&,  coL  6. 

(269.)  To  compare  the  relative  strength  of  wrought  iron 
and  steel  pillars  we  must  observe  that  the  ratio  will  not  be 
constant,  but  will  vary  with  the  length.  With  long  pillars 
breaking  merely  by  flexure,  the  ratios  are  simply  those  of  Uie 
respective  multipliers  in  Table  84 ;  thus  for  pillars  with  both 
ends  pointed,  we  obtain  108500  -r  95848  =  1*182,  or  18*2  per 
cent,  in  feivour  of  Steel : — ^by  theory  based  on  the  transverse 
strength  and  deflection,  we  obtained  9  per  cent  (800).  But 
with  very  short  pillars,  where  the  strength  is  dominated  almost 
exclusively  by  the  crushing  strain,  the  ratio  will  be  52  to  19,  or 
nearly  8  to  1  in  favour  of  steeL  The  ratio  will  vary  between 
those  extremes,  dependent  on  the  length  of  the  pillar  in  propor- 
tion to  the  diameter. 

(270.)  The  length  of  steel  pillars  with  which  the  correction 
for  incipient  crushing  becomes  nil  (169)  may  be  found  by  Uie 
rule  (208).  Thus,  for  pillars  1  inch  diameter,  Op  =  *  7854  X  52 
=  40 '  84  tons,  therefore  ^  Op  =  10  *  21  tons,  and  the  rule  becomes 
for  those  with  two  pointed  ends  (48-44  X  P*  -f- 10-21)  ^  X 
12  s  26*1  inches  long:— :for  those  with  one  end  flat  and  one 
pointed  (96-88  x  l»'-f- 10*21)  V  X  12  =  87  inches;  and  for 
those  with  both  ends  flat  (145-8  X  1'*  -r  1021)  V  X  12  a 


I 


mXABS:    BTEEL  PISTON-BOM.  159 

45*26  inoboB,  &o.  But  these  ratios  of  length  to  diameter  will 
▼ary  with  the  diameter,  as  shown  by  (148)  and  Table  89,  which 
has  been  calculated  by  the  role  (203). 

(271.)  «  Bud  PMtoii-rod«."— With  long  rods,  or  rather  where 
the  length  is  great  in  proportion  to  the  diameter,  the  advantage 
of  a  steel  pillar  over  a  wrought  iron  one  is  not  very  great,  as 
shown  by  (300).  But  strength  is  not  the  only,  nor  indeed  the 
principal  quality  in  which  steel  is  superior  as  a  piston-rod : — 
the  continued  action  of  passing  to-and-fro  through  the  gland, 
has  a  tendency  to  ''score"  the  surface  and  wear  longitudinal 
furrows  in  it ;  in  resisting  this  tendency,  the  superior  hardness 
of  steel  gives  it  a  great  advantage  over  wrought  iron.  For 
these  reasons  steel  is  used  almost  exclusively  for  first-class  work, 
aud  as  it  is  now  so  much  reduced  in  price,  it  is  probable  that 
its  use  will  become  still  more  general  for  engines  of  all  classes. 

(272.)  It  is  shown  in  (210)  that  a  piston-rod  is  subjected 
alternately  to  tensile  and  compressive  strains,  both  of  which  must 
be  considered  in  calculating  the  strength : — also  that  the  area  at 
the  screw  or  key-way  is  hilf  only  of  tiiat  due  to  the  diameter  of 
the  body  of  the  rod.  The  mean  tensile  strength  of  Steel  may  be 
taken  at  96,000  lbs.  per  square  inch,  hence  the  maximum  strain 
admissible  on  the  body  of  the  rod  is  48,000  lbs.  per  square  inch, 
and  the  second  column  of  Table  56  has  been  thus  calculated. 
In  any  case  where  we  are  certain  from  the  shortness  of  the  rod, 
dkc.,  that  its  strength  wiU  be  governed  by  the  tensile  strain,  we 
may  find  the  area  necessary  direct  by  the  rule : — 

(273.)  Area  =  W  X  M,  -^  48000. 

In  which  W  =  the  strain  on  the  rod  due  to  the  area  of  piston, 
pressure  of  steam,  &c.,  and  Mj  =  tiie  **  Factor  of  Safety  "  (880). 
For  the  strength  to  resist  the  compressive  strain  at  the  up- 
stroke, the  rod  may  be  taken  as  a  pillar  flat  at  one  end  and 
pointed  at  the  other,  namely,  flat  at  the  piston,  and  pointed  at 
the  cross-head.  Then  taking  Mp  from  col.  2  of  Table  84  at 
217,000  lbs.,  the  rule  in  (197)  becomes  :— 

(274.)  F  =  217000  x  D»*  -f-  L«. 

In  which  F  =  the  breaking  weight  by  flexure  in  lbs.,  L  =  the 
maximum  length  unsupported  in  feet,  or  the  distance  from  the 


160  pillars:  steel  piston-bods. 

gland  of  the  cylinder  to  the  centre  of  the  cross-head  at  the 
top  of  the  stroke,  and  D  =:  the  diameter  in  inches. 

(275.)  In  many  cases  the  results  of  this  rule  require  correc- 
tion for  incipient  crushing  by  the  rule  (164);  taking  tho 
absolute  crushing  strain,  or  C,  in  Steel  at  52  tons  or  116,480  lbs. 
per  square  inch,  we  obtain  the  value  of  Cp  in  the  third  column 
of  Table  56. 

Thus,  for  a  steel  rod  8^  inches  diameter,  7  feet  long,  taking 
Si*  •  at  90  •  9  from  coL  8  of  Table  85,  the  rule  (274)  becomes 
217000  X  90-9  -^49  =  402500  lbs.  =  F,  or  the  breaking  weight 
by  flexure.  Then  Cp  being  by  the  third  column,  1,121,000  lbs., 
I  Cp  =  840600  lbs.,  and  the  rule  (164),  or  Po  =F  X  Cp  -r-  (F 
4-i  Cp),  becomes  402500  x  1121000 -=- (402500  +  840500)  = 
863000  lbs.,  as  in  Table  56. 

(276.)  When  the  strength  as  a  pillar  as  thus  calculated 
exceeds  the  tensile  strength  as  given  in  the  second  column,  the 
latter  governs  the  case  and  limits  the  strength  (211).  Table  56 
has  been  calculated  by  a  combination  of  the  rules  for  flexure 
(274),  incipient  crushing  (164),  and  tensile  strength  (272) :  thus 
with  the  3^-inch  rod,  the  lengths  8,  4,  5  feet  give  strengths  all 
alike,  being  limited  by  the  tensile  strength,  or  461,800  lbs.,  as 
given  by  the  second  column.  For  the  lengths  9  and  10  feet,  the 
breaking  weights  are  those  due  with  flexure  simply  by  the  rule 
in  (274),  while  the  strains  for  the  intermediate  lengths  of  6,  7, 
and  8  feet  have  been  reduced  for  incipient  crushing  by  the  rule 
(164),  &c. 

(277.)  Table  49  gives  the  particulars  of  steel  piston-rods  in 
practice ;  col.  6  has  been  calculated  by  the  rules,  and  col.  7  gives 
the  **  Factor  of  Safety  "  (880),  or  the  ratio  of  the  breaking  to  the 
working  strain : — it  will  be  observed  that  it  is  very  variable, 
which  is  due  to  the  fact,  that  the  sizes  of  piston-rods  are  usually 
fixed  by  "  rule  of  thumb.''  The  mean  value  of  the  Factor  may 
be  taken  at  14,  and  we  have  thus  obtained  the  sizes  given  by 
ool.  8,  with  the  help  of  Table  56 : — as  in  most  cases  the  actual 
lengths  were  intermediate  between  those  in  the  Table,  the 
nearest  diameter  had  to  be  estimated,  and  will  not  be  exact,  but 
will  usually  be  sufficiently  so  for  practical  purposes. 

(278.)  "  Tifnber    FUlar$r—  By    the     experiments    of    Mr. 
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Hodgldnson,  we  find  that  piUais  of  timber  follow  precisely  the 
theoretical  law  (147),  the  Btrength  of  long  pillars  fttiling  by 
flexure,  being  directly  proportional  to  the  fourth  power  of  the 
diameter  or  side  of  square,  and  inyersely  as  the  square  of  the 
length : — Whence  we  have  for  cylindrical  pillars  the  rules  :*- 

(279.)  P=  MpXD*-=-L«. 

(280.)  D=^(FxL»-M^p). 

(281.)  L=4^  (MpXD*^F> 

For  square  pillars  these  rules  are  modified  and  become :— - 
(282.)  F  =  Mp  X  S*  -r  V. 

(288.)  8=4^  (FxL'^Mp). 

(284.)  L  =  4^  (Mp  X  S*  ^  F). 

And  for  rectangular  pillars  other  than  square,  into: «» 
(285.)  F=MpX<^x6^L«. 

(286.)  <  =  ^  |f  X  L*  -^  (Mp  X  6}. 

(287.)  b  =  FxL»^(MpX<»). 

(288.)  L^  y  (MpX<*x6^F). 

In  which  D  =  the  diameter  of  a  solid  cylindrical  pillar  in  inches. 
S  =  the  side  of  a  square  pillar  in  inches. 
i  a  the  thickness  or  least  dimension  of  a  rectangular 

pillar  in  inches. 
h  =  the  breadth  or  greatest  dimension  of  a  rect- 
angular pillar  in  inches. 
F  =  the   breaking    weight  by  flexure  in  lbs.,  ftc, 

dependent  on  Mp. 
L  =  the  length  in  feet. 
Mp  =^  Multiplier,  whose  yalue  is  given  in  lbs.  and 
tons,  by  Table  84. 
(289.)  Mr  Hodgkinson  made  some  experiments  on  square  and 
rectangular  pillars  of  Dautzic  Oak  and  Bed  Deal,  the  results  of 
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wliibh  are  giTen  by  Table  57 :  coL  8  htm  been  calculated  by  the 
mlea.  Thus,  taking  No.  5  as  an  example,  the  Talne  of  Mp  for  a 
pillar  of  Dantzic  Oak  is  given  by  Table  84  at  27,000  lbs.,  8^  or 
If  =  9-879,  and  2*52>==6*85:  then  mle  (279)  becomes 
27000  X  9-379  -4-  6*85  =89880  lbs.,  as  in  ooL  11,  this  being 
dne  by  flexnre. 

This  will  require  correction  for  incipient  Omshing  (168) :  by 
Table  82,  0,  or  the  crashing  strength  of  Dantzic  Oak  = 
6840  lbs.  per  square  inch,  and  the  area  being  1}  X  If  =  3*0625 
square  inches.  Op  becomes  6840  X  8  -  0625  =r  20950  lbs.,  as  in 
eoL  10,  hence  }  Op  =  15724  lbs.,  and  the  rule  (164)  becomes 
89880  X  20950  -r  (89880  +  15724)  =  15020  lbs.,  the  breaking 
weight,  as  in  col.  8 :  experiment  gaye  14,805  lbs.,  hence  15020 
-7- 14805  =  1  *  05,  or  +  5  per  cent,  error,  as  in  col.  9. 

(290.)  As  an  example  of  rectangular  inllars,  we  may  take 
No.  10 : — the  value  of  Mp  for  a  pillar  of  Bed  Deal  with  both 
ends  flat  =r  24000  lbs.  by  Table  84 ;  then  rule  (285)  becomes 
24000  X  1-4P  X  2-82  4-4-838>,  or  24000  x  2-803  x  2-82 
-7-  23*36  =  8121  lbs.,  the  breaking  w^ght  by  flexure  as  in  col. 
11.  Oorrecting  for  incipient  crushing :  Table  82  gives  6167  lbs. 
for  the  value  of  0,  or  the  specific  crushing  strength  of  Bed 
Deal,  and  the  area  being  1*41  x  2*82  =  4  square  inches,  we 
obtain  6167  X  4  =  24668  lbs.  for  the  value  of  Op,  hence  |  Op  = 
18500  lbs.  Then  the  rule  (164)  becomes  8121  x  24668  4- 
(8121  +  18500)  =  7525  lbs.,  as  in  coL  8 :  experiment  gave 
7681  lbs.,  hence  7525  -f-  7681  =  *  98,  or  -  2  per  cent,  error. 

It  should  be  stated  that  the  actual  dimensions  of  the  rect- 
angular pillars  Nos.  10  and  11  were  not  given  by  Mr. 
Hodgkinson,  but  the  areas  were  4  square  inches,  and  the  ratios 
of  the  sides  2  to  1  in  No.  10,  and  3  to  1  in  No.  11,  and  the 
dimensions  in  the  Table  were  obtained  from  those  data. 

(291.)  Table  57  has  been  calculated  in  this  way  throughout : 
the  sum  of  the  minus  errors  in  coL  9  »  44*8,  and  of  the  plus 
errors  89*6,  which  on  the  11  experiments  gives  a  mean  of 
(44-8  -  89*6)  -Ml  =  -  0*427,  or  less  than  i  per  cent  The 
maximum  minus  and  plus  errors  =  »  15*5  and  +  15*9  per 
cent,  req^ectively,  thus  showing  equality  of  range  (959). 

With  the  exception  of  Dantzic  Oak  and  Bed  Deal,  we  have  no 
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'^experimental  data  for  Timber  pillars,  and  are  compelled  to  resort 
to  theory 9  in  order  to  obtain  the  yalnes  of  Mp  for  other  kinds  of 
Timber :  this  we  have  done  in  (303),  and  we  hare  thns  obtained 
most  of  the  nmnbers  in  Table  34.  This  method  is  of  conrse 
not  so  satisfactOTj  as  direct  experiment,  bnt  it  is  shown  in  (139) 
that  as  applied  to  Timber,  the  theoretical  and  experimental 
results  practicallj  agree  with  one  another. 

(292.)  Table  58  gives  the  strength  of  square  pillars  of  Bed 
Deal  calculated  by  the  mle  (282) :  we  have  selected  the  case  of 
flat  at  one  end  and 'round  at  tiie  other  as  approximating  to 
ordinary  conditions  more  nearly  than  any  other.  In  most  cases 
timber  pillars  are  nominaUjf  flat  at  both  ends,  but  this  supposes 
that  the  surfaces  between  which  the  pillar  is  strained  are  per- 
fectly  parallel  and  unyielding,  conditions  which  are  seldom 
realised  in  practice :  for  example,  when  a  soft-wood  Bressummer 
18  supported  by  a  pillar,  the  effect  of  flexure  in  the  latter  is  to 
ccMnpress  the  fibres  of  the  former  unequally,  the  soft  wood 
yielding,  so  that  the  result  is  little  if  any  better  than  it  would 
haye  been  with  a  round  end.  If  we  suppose  that  the  foot  of  the 
pillar  is  well  bedded  on  a  large  stone  or  cast-iron  plate,  and  the 
upper  end  loaded  by  the  Bressummer  in  the  usual  way,  we  should 
have  in  effect  a  pillar  flat  at  one  end  and  round  at  the  other, 
being  the  conditions  assumed  in  Table  58. 

(293.)  Say  we  take  the  case  of  a  pillar  7  inches  square ;  then 
by  coL  5  of  Table  84,  the  value  of  Mp  for  a  pillar  of  Biga  Fir, 
with  one  flat  and  one  round  end  =  7  *  14  tons,  and  with  a  length 
of  say  12  feet,  rule  (282)  becomes  7-14  x  7* -7- 12^  or  7-14  x 
2401  -7- 144  =  119  tons,  the  breaking  weight  by  flexure.  This 
requires  correction  for  incipient  crushing,  being  greater  than 
ith  Cp  given  by  col.  4  of  Table  68  (169).  Bj  coL  4  of  Table  82, 
tiie  specific  resistance  of  Bed  Deid  to  crushing,  or  0  =  2*75 
tons  per  square  inch,  and  as  we  have  7'  =s  49  square  inches 
area,  Cp  becomes  2*75  x  49  =  135  tons,  as  in  coL  2  :  }  Cp  = 
101  tons,  coL  3:  and  i  Cp  =  33*8,  col.  4.  Then  in  our  case, 
the  rule  (164)  becomes  Po  =  119  x  135-^(119  +101)  =  73 
tons,  as  in  Table  58.  By  the  use  of  coL  4,  we  can  easily  deter- 
mine when  the  correction  for  incipient  crushing  is  necessary : 
tkuBg  for  a  pillar  3  inches  square  10,  12,  and  14  feet  long,  the 
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Table  nd.-— Of  the  Stbvkoth  of  SgcrAU  Pillaki  of 
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breaking  wei'c^ts  hy  flexure  =  5*8,  4*0,  and  2*9  tons  respec- 
tiyely,  wbich  are  all  le$9  than  6*18  tons  or  ^  C,  by  ooL  4 ;  the 
correction  is  therefore  not  required,  as  shown  by  the  Table,  bat 
for  the  shorter  lengths,  5^  6,  7,  8,  and  9  feet,  that  correction  is 
neoessarj. 

(294.)  Table  68  may  be  adapted  for  conditions  of  fixing 
other  than  that  of  flat  at  one  end  and  round  at  the  other,  as  in 
that  Table.  By  (149)  it  is  shown  that  the  breaking  weights  5y 
flesewn  are  in  tiie  ratio  1,  2,  3,  for  the  three  cases — ^both  ends 
pointed, — CHie  flat,  one  pointed,— and  botii  ends  flat  respectively. 
Thus  a  pillar  6  inches  square,  16  feet  long  s  86  tons  by  flexure 
from  Table  58 :  then  with  both  ends  pointed  we  have  86  -7-  2  s 
18  tons,  which  being  less  than  24*8  tons  given  by  col.  4, 
correction  for  incipient  crushing  is  not  required  (168).  The 
same  pillar  with  both  ends  flat  =  86  x  8-r  2  =  54  tons 
breaking  weight  by  flexure,  which  being  greater  than  24*8  or  ^ 
Op  by  ooL  4,  correction  for  crushing  will  be  necessary.    Taking 
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from  ools.  2  and  8  of  Table  58,  the  yalaes  of  Cp  and  |  Op,  or 
99  and  74 '2  reepeotiYely,  the  Bole  (164)  beoomes  54  x  99  -7- 
(54 +74-2)  =  41-8  tons. 

ThoB  the  reduced  strengths  nnder  the  8  different  forms  at  the 
ends  are  18,  82,  and  41  *  8  tons,  those  due  bj  flexure  only,  being 
18,  36,  and  54  tons  respeotiyely. 

(295.)  **  Beciangtdar  Fillanr  —  Table  58  may  easily  be 
applied  to  rectangular  pillars :  these  always  fail  by  bending  in 
the  direction  of  the  least  dimension,  so  that  a  rectangnlar  pillar 
may  bo  regarded  as  a  number  of  square  ones ;  thus  2  x  6  is 
equiTalent  to  three  2-inch  pillars,  the  breaking  weight  of  which, 
say  8  feet  long,  would  be  =  1*8  x  8  =  5*4  tons.  Again,  a 
pillar  7  feet  long,  and  say  8x7^  would  give  a  breaking  weight 
=  9*6  X  7^-T-  8-24  tons,  Ac:  from  this  it  will  be  seen  that 
the  strength  of  rectangular  pillars  of  all  kinds  is  simply  pro- 
portional to  their  larger  dimension^  Table  59  has  been  th^us 
calculated  from  Table  68 
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Table  59. — Of  the  Stbbngth  of  Reotanoulab  Pillabs  of  Red 
Deal  :  one  end  flat  and  the  other  rounded. 


Lsxoth  of  Pnj.AB,  ni  Fbst. 

Sizes. 

6 

6 

7 

8 

Si 

10 

12 

14 

16 

18 

20 

Bbddcid  Brkaxoto  Wbioht,  ni  Tovs. 

11  xU 

1-44 

1-0 

0-71 

•50 

•45     .. 

•  « 

•• 

•• 

„      6 

4-8 

3-3 

2-5 

1-9 

1-5 

•• 

•• 

•  • 

« • 

H       7 

6-7 

4-7 

8-4 

2-6 

21 

•• 

•• 

•  • 

•  • 

n        9 

8-6 

6-0 

4-4 

3-3 

2-7 

•• 

•  • 

•  • 

•• 

n      11 

10-5 

7-3 

5-4 

41 

3-3 

•  • 

•• 

•  • 

•• 

2x2 

8-9 

30 

2-3 

1-8 

1-4 

1-1 

•• 

•  • 

•« 

n        7 

18-7 

10-5 

80 

6-3 

4-9 

3-8 

•  • 

•  • 

•« 

n        9 

17-5 

13-5 

10-3 

8-1 

6-3 

4-9 

•  • 

•• 

•• 

n      11 

21-4 

16-5 

12-6 

9*9 

7-7 

60 

•  • 

•• 

•• 

2}  X  2^ 

7-9 

6*5 

5-8 

4  8 

3-4 

2-8 

1-9 

•• 

•• 

n         7 

22 

18 

15 

12 

9-5 

7-8 

5-3 

•• 

•• 

„      9 

28 

23 

19 

15 

12 

10 

6-8 

•  « 

•• 

.,    11 

85 

28 

23 

19 

15 

12 

8-3 

•  • 

•  • 

8x8 

14 

11-5 

9-6 

8-1 

6*8 

5-8 

4-0 

2-9 

•  • 

.,      7 

82 

27 

22 

19 

16 

13 

9-3 

6-8 

•• 

n      9 

41 

84 

29 

24 

20 

17 

12 

8-7 

•  • 

„    11 

51 

42 

85 

80 

25 

21 

15 

10  6 

•  • 

4x4 

81 

27 

23 

21 

18 

15 

12 

9-3 

71 

•• 

M           « 

62 

54 

46 

42 

36 

30 

24 

19 

14 

•• 

.    10 

77 

67 

57 

52 

45 

87 

80 

23 

18 

•• 

n    12 

93 

81 

69 

63 

54 

45 

86 

28 

21 

•• 

5x5 

53 

48 

44 

40 

36 

32 

26 

21 

18 

14 

•• 

,.      8 

85 

77 

70 

64 

57 

51 

41 

33 

29 

22 

•• 

H    10 

106 

96 

88 

80 

72 

64 

52 

42 

36 

28 

•• 

n      12 

127 

115 

105 

96 

86 

77 

62 

50 

43 

83 

.4 

6x6 

82 

77 

71 

65 

60 

55 

46 

88 

32 

28 

23 

-    10 

137 

129 

119 

108 

100 

91 

76 

63 

53 

46 

38 

,•    12 

164 

154 

142 

130 

120 

110 

92 

76 

64 

56 

46 

7x7 

118 

108 

102 

98 

91 

85 

73 

63 

54 

46 

40 

^    10 

168 

154 

146 

140 

130 

121 

104 

90 

77 

65 

57 

f*    12 

202 

185 

175 

168 

156 

146 

125 

106 

92 

79 

68 

•t    14 

236 

216 

204 

196 

182 

170 

146 

126 

108 

92 

80 

8X8 

158 

151 

144 

186 

129 

121 

107 

94 

81 

71 

63 

»,    12 

217 

226 

216 

204 

193 

182 

160 

141 

122 

106     94 

.    14 

276 

264 

252 

238 

226 

212 

187 

164 

142 

124   110 

9x  9 

205 

198 

190 

182 

173 

164 

147 

181 

116 

104     92 

10x10 

256 

249 

241 

233 

223 

214 

194 

176 

158 

143   128 

12x12 

877 

869 

361 

851     341 

( 

330 

307 

285 

1 

262 

240  220 
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OHAPTEB  Vm. 

OK  THB  OONNSOnOH  BKTWBSN  THB  8TBBN0TH  OV  PILLABS,  AND 
THB  TBAKBYBBSB  BTBBNGTH  AND  DBFLXOTION  OV  A  BBAM  OV 
THB  8AMB  MATBBIAL. 

(296.)  67  the  theory  of  the  strength  of  pillars  in  (186),  &o^ 
it  is  shown  that  the  transverse  strain  on  a  beam  multiplied  by 
the  distance  between  supports  in  inches,  and  divided  by  four 
times  the  deflection  produced  by  that  strain,  will  give  the 
equivalent  longitudinal  strain  which  tends  to  break  the  same 
b^un  as  a  piUar  (137).  It  is  also  shown  (147)  that  the 
theoretical  strength  of  pillars  is  directly  proportional  to  d\  and 
inversely  as  L^ 

We  now  propose  to  test  the  accuracy  of  the  theoretical  laws 
which  connect  the  transverse  and  longitudinal  strains  by  com- 
paring calculation  with  experiment.  This  comparison  is  rendered 
very  difficult  by  the  fact  that  the  strengths  of  cast  iron,  wrought 
iron,  and  steel  pillars  do  not  follow  precisely  the  theoretical  law 
d^  -7-  L* ;  the  experimental  law  (147)  for  cast  iron  being  d**'  -7- 
L^'%  and  for  wrought  iron  and  steel  d^'*  -7-  L'.  Timber  pillars, 
however,  follow  the  theoretical  law  precisely. 

Table  60. — Gast-ibon  Pillabs  :  comparison  of  Theory  with 

Experiment. 


i  Inch  Diameter. 

S  Inches  DIsmeter. 

3  Inches  Diameter. 

Lei«th. 

'CalcQ- 
lAted. 

Ezperl- 
ment. 

Length. 

Calcu- 
Uted. 

Experi- 
ment. 

Length. 

Calco- 
lated. 

Experi- 
ment 

feet 
1 
2 
8 

!t. 

5 
6 

(1) 

tons. 
23-5 
5-88 
2-61 
1-47 
1-30 
1161 
•94 
•653 

(2) 

tons. 
15 

4-61 
2-32 
1-42 
1-28 
1163 
•972 
•714 

(3) 

feet. 
1 
10 

n 

n* 

iif» 

12 
13 
14 

(*) 

tons. . 
376 
3-76 

3  n 

2-84 
2-725 
2-611 
2  2-25 
1-918 

tons. 
181-5 
3-62 
309 
2-81 
2-753 
2-665 
2-318 
2*044 

(•) 

fieet. 
1 
10 
15 
18 
18* 
19 

194* 
20 

a) 

tons. 
1903 
19-03 
8-46 
5-873 
5-564 
5-271 
5-008 
4-757 

(8) 

tons. 
783 
15-63 
7-85 
5-758 
5-4l>0 
5-255 
5-020 
4-804 

(297.)  "  Caa  Iron."— Taking  first,  cast  iron  ;  Table  67  shows 
that  a  bar  12  inches  long  and  1  inch  square  deflects  0*0785 
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inch,  wiih  2063  lbs.  in  the  centre;  hence  the  role  in  (188), 
namely  W^wxl -7-(3 x4), becomes  2068  X  12 -f-  (*0785  x  4) 
s78840  lbs.,  or  85*2  tons  breaking  weight  as  a  pillar  1  inch 
square,  the  strain  being  in  the  centre,  or  the  pillar  having 
pointed  ends.  By  (361)  the  ratio  of  the  strength  of  square  to 
round  is  by  experiment  1  *  5  to  1  *  0 ;  hence  we  haye  35  *  2  -?- 1  *  5 
=  23*5  tons  for  a  round  pillar  1  foot  long:  calculating  in  this 
way,  we  obtain  col.  2  of  Table  60,  which  giyes  the  strength 
with  various  lengths. 

Mr.  Hodgkinson  found  by  his  experiments  that  the  strength 
of  cast-iron  pillars  is  governed  by  L^  ^  instead  of  L'  as  by 
theory : — ^the  effect  of  this  divergence  is  very  great,  for  instance, 
with  a  length  of  10  feet,  L'  =  100,  but  L^^  =  50  only,  giving 
thus  double  strength  to  that  due  by  theory  for  that  particular 
length.  By  col.  1  of  Table  34,  the  experimental  strength  of  a 
pillar  1  inch  diameter  and  1  foot  long,  with  both  ends  pointed, 
is  14*73,  or  say  15  tons,  and  admitting  the  strength  to  be 
inversely  as  L^"',  we  obtain  coL  8  of  Table  60,  which  shows  that 
the  theoretical  and  experimental  strengths  agree  when  the 
length  is  about  4^  feet,  or  54  times  the  diameter. 

The  length  with  which  theory  and  experiment  agree  will 
not,  however,  be  the  same  for  all  diameters,  because  according 
to  theory,  the  strength  varies  directly  as  D^  whereas  by  ex* 
periment  it  is  as  D*  ^  Thus,  if  the  strength  of  a  pillar  1-inch 
diameter  =  1*0,  then  another  of  the  same  length,  but  6  inches 
diameter,  would  by  theory  have  a  strength  of  6^  =  1296,  whereas 
by  the  experimental  ratio  it  would  be  6'*  =  688  only,  or  about 
half.  The  effect  of  this  divergence  of  the  laws  is  shown  by 
Table  60  to  be  that  with  a  pillar  2  inches  diameter,  the  results 
coincide  with  a  length  of  about  llf  feet,  or  70  times  the 
diameter :  with  a  3-inch  pillar  they  coincide  with  a  length  of 
19]^  feet,  or  78  times  the  diameter. 

(298.)  "  Wrought  Iron/'—Bj  Table  67  a  bar  of  wrought  iron 
1  inch  square  and  1  foot  between  supports,  loaded  transversely 
with  2000  lbs.,  or  •  898  ton  in  the  centre,  deflects  •  0818  inch ; 
hence  the  equivalent  load  as  a  pillar  will  be  *898  x  12-r- 
(*0313  X  4)  =r  85*6  tons,  breaking  weight  of  a  pillar  1  inch 
$qwxre  and  1  foot  long,  with  both  ends  pointed.     From  this  w« 
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obtain  by  the  ratio  given  in  (225)  85*6 -f-  I'T  s=  50*4  tons  for 
a  cylindrical  pillar  1  inch  diameter  and  1  foot  long.  By  coL  1 
of  Table  84,  the  experimental  strength  ia  42^79  tons: — ^thia 
ratio,  50*4  to  42*79  will  prevail  for  all  lengths,  for,  as  we 
have  seen  in  (296),  the  strength  varies  inversely  as  L',  both 
theoretically  and  experimentally.  But  it  will  not  be  the  same 
for  all  diameters,  theory  giving  D^  and  experiment  D''^  the 
effect  of  which  is  shown  by  Table  61,  where  ooL  2  is  the 
theoretical,  and  coL  8  the  experimental  strength  for  different 
diameters.  It  will  be  observed  that  the  two  roles  agree  in 
their  results  with  a  diameter  of  •  67  inch : — with  larger  diameters 
the  theoretical  results  are  in  excess,  and  with  smaller  diameters 
in  defect 

'i'ABLB  61. — PiLLABS  of  Wbouoht  Ibok  and  Stebl:  comparisoQ  of 

Theory  and  Experiment. 


Wnmght  Iron. 

Stod. 

Diameter. 

Theory. 

Kxperimeot. 

DUmeter. 

TheoiT. 

Bxperlment. 

Incbee. 

d«. 

<|i-«. 

Inches. 

(H. 

<|i-«. 

10 

50-4 

42-79 

1-0 

55-0 

48-44 

•8 

20-6 

1917 

•9 

861 

83-90 

•75 

15-92 

15  19 

•87 

81-5 

29-35 

•7 

12-09 

11*85 

•85 

28-7 

26-98 

•67* 

10*15 

10-18 

•82 

24-9 

23-68 

•66 

9-56 

9-59 

-8 

22-6 

21-70 

•65 

9-00 

9-08 

•75 

17-4 

17-19 

•64 

8-46 

8-58 

•74» 

16-5 

16-38 

•6 

6-53 

6-80 

•7 

13*2 

13  42 

0) 

« 

(3) 

(0 

(») 

(«) 

(299.)  •*  Sled  Pillars:*— By  Table  67,  a  bar  1  inch  square 
and  1  ifbot  long  between  bearings,  loaded  transversely  with 
5600  lbs.  in  the  centre,  deflects  ^0802  inch:  hence  by  Bule 
(138)  W  =  5600  X  12  -^  (^0802  x  4)  =  209500  lbs.  is  the 
equivalent  strain  as  a  pillar  1  inch  square,  or  209500  -?- 1*7  = 
128300  lbs.,  or  55  tons,  for  a  cylindrical  pillar  1  inch  diameter 
with  both  ends  pointed.  The  experimental  strength  by  col.  1 
of  Table  34  =  48-44  toos.  With  Steel,  as  we  found  with 
wrought  iron,  a  comparison  of  the  theoretical  with  the  experi« 
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mental  strength  will  not  be  affected  by  the  length,  both 
materials  being  governed  by  L' ;  bat  Jie  diameter  affects  the 
comparison  considerably,  as  shown  by  Table  61,  where  coL  5 
follows  the  theoretical  law  D*,  and  ooL  6,  the  experimental  law 
D*  *,  the  two  laws  coinciding  nearly  in  their  results  with  the 
diameter  of  0*74  inch. 

(800.)  The  saperiority  of  steel  oyer  wronght  iron  as  a  pillar 
is  shown  to  be  remarkably  small :  with  1  inch  diameter  and  1 
foot  long,  theory  gives  50'4  to  65*0,  or  65*0 -=-  50*4  =  1*09, 
an  increase  of  9  per  cent.  only.  The  experimental  streng^s 
kre  42*79  and  48-44,  or  48*44 4- 42*79  =  1*13,  an  increase  of 
13  per  cent.  This  applies  to  long  pillars  only;  with  short 
pillars  requiring  correction  for  incipient  crushing  the  superior 
crushing  strength  of  steel  will  give  it  much  greater  advantage 
as  a  pillar.  We  have  shown  (133)  that  the  value  of  C  for 
wrought  iron  in  pillars  is  19  tons  per  square  inch,  whereas  for 
Steel  (268)  it  is  as  much  as  52  tons ;  a  very  short  steel  pillar, 
where  the  strength  depends  almost  exclusively  on  the  resist- 
ance to  crushing,  will  have  52  -r- 19  =  2*74  times  the  strength 
of  a  similar  one  of  wrought  iron* 

(301.)  From  the  preceding  investigation  it  will  be  evident 
that  in  pillars  of  cast  iron,  wrought  iron,  and  steel,  the  diver- 
gence of  the  theoretical  from  the  practical  laws  governing  the 
strength,  renders  the  former  unreliable  for  those  materials. 

Fortunately,  under  these  circumstances,  we  have  practical 
rules  whose  general  accuracy  has  been  experimentally  proved 
as  shown  by  our  various  Tables,  and  more  particularly  by  (959) 
and  Table  150. 

(302.)  "  Ttm6cr  PtZlara."— The  experiments  on  Timber  pillars 
in  Table  57  show  that  they  follow  precisely  the  theoretical 
law  D^  -^  L^  which  simplifies  comparisons  very  considerably. 
Unfortunately  the  experimental  information  available  is  very 
scanty,  this  however  will  only  enhance  the  value  of  the  theo- 
retical investigation,  as  we  shall  obtain  thereby  a  knowledge  of 
the  strength  of  pillars  for  many  kinds  of  Timber  of  which 
nothing  is  known  experimentally.  As  the  few  experiments  we 
have  agree  well  with  the  theoretical  results,  as  shown  for 
Dantzic  Oak  by  (139),  we  may  have  the  more  confidence  in  the 
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theory  as  applied  to  other  oases.  Thus  the  mean  error  of  all 
the  (Mklcnlated  strengths  in  Table  57  is  shown  in  (291)  to  be 
less  than  ^  per  cent. 

(803.)  We  may  now  find  the  yalne  of  the  constant  Mr  for 
Timber  pillars  from  the  transverse  load,  and  corresponding 
deflection  by  the  theoretical  law  (188),  namely  W  =  to  x  l-r- 
(3  X  4).  Taking  the  values  of  to  and  3  from  cols.  8  and  4  of 
Table  67,  we  obtain  for  pillars  12  inches  long,  1  inch  square, 
both  ends  pointed,  the  values  of  Mp  : — 

te  t  8  Mr 

Teak     145  x  12  -i-  (026  x  4)  =  16.730  Iba. 

Bed  Pine      ..      ..  98  x  12  +  (023  x  4)  =  12,780  „ 

Canadian  Oak     ..  117  x  12  -i-  (028  x  4)  =  12,540  „ 

Deal      123  X  12  +  (031  x  4)  =  11,900  „ 

Ash       136  X  12  -*-  (-035  x  4)  =  11,660  « 

Beech 112  x  12  -*-  (036  X  4)  =    9,333  „ 

Pitch-pine    ..      ..  115  x  12  -*-  ('041  x  4)  =    8,403  „ 

DantzicOak        ••  71  x  12  -«-  (-026  x  4)  =    8,192  „ 

English  Oak       ••  102  x  12  h-  (040  x  4)  =    8,160  „ 

BigaFir       ..     -  78  x  12  -4-  (-030  x  4)  =    7,800  „ 

Larch 76  x  12  +  (087  X  4)  =    6,162  „ 

Waiow 73  X  12  +  (-056  X  4)  =    3,902  „ 

Cedar 81  x  12  -i-  (081  x  4)  =    8,370  „ 

We  obtain  from  this  ooL  4  in  Tahle  34  for  pillars  with  both 
ends  pointed ;  then  adopting  Mr.  Hodgkinson's  Batios  1,  2,  8 
for,  both  ends  pointed,  1  pointed  and  1  flat,  and  both  ends  flat 
respectively  (149),  we  have  obtained  cols.  5  and  6. 

The  theoretical  ratio  of  the  strength  of  square  and  round 
pillars  (519)  is  1*7  to  1*0,  but  the  experimental  ratio  (361)  is 
1*5  to  1*0:  adopting  the  latter  we  obtain  cols.  1,  2,  3,  in 
Table  84.  For  Dantzic  Oak  and  Bed  Deal  we  have  taken  the 
experimental  values  of  Mp  which  agree  the  best  with  Table  57. 

The  strength  of  Timber  Pillars  may  be  found  from  the 
Modulus  of  Elasticity:  thus  in  Table  84,  the  pillars  are 
arranged  in  the  order  of  their  strength,  and  in  coL  7  of 
Table  105  we  have  the  Modulus  of  Elasticity.  Taking  as 
examples  Teak,  Pitch-pine,  and  dedar,  we  have  strong,  medium, 
and  weak  pillars:  Teak  gives  for  a  cylindrical  pillar  witl^ 
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both  ends  pointed  2413410  X  "0046  =  11100  lbs.,  ool.  1  of 
Table  84  gives  11150  lbs.:  Pitob-pine  =  1224840  x  "0046  = 
6634  lbs.,  Table  84  gives  5600  lbs. :  Cedar  s  448237  x  *004« 
=  2246  Ibs^  Table  84  gives  2247  Ibs^  &e. 


CHAPTEE  IX. 

OK  THB  WBINKLIHO  BTRAIir. 

(804.)  Wben  a  rectangular  pillar  is  made  of  tbin  wrongbt* 
iron  plates,  and  tbe  sizes  are  snob  as  to  preclude  yielding  by 
flexuro,  it  is  necessary  not  only  to  bave  sufficient  area  to  resist 
crusbing,  but  also  oonsiderable  thickness  to  prevent  failure  by 
Wrinkling  or  Oorrugation. 

Let  Fig.  58  be  a  square  pillar  so  sbort  in  proportion  to  tbe 
side  of  tbe  square  as  to  avoid  tbe  probability  of  fedlure  by 
bending.  We  bave  seen  in  (201)  tbat  tbe  absolute  crusbing 
strength  of  wrought  iron  in  the  form  of  pillars  is  19  tons  per 
square  inch ;  but  if  tbe  plates  are  very  thin,  and  the  breadth 
unsupported,  or  the  distance,  say  £rom  A  to  B,  very  consider^ 
able,  the  plate  would  fail  by  wrinkling  or  corrugation  near  the 
centre-line  0,  with  a  strain  much  less  than  that  required  to  crush 
the  materiaL  At,  and  near  the  comers,  wrinkling  would  be  pre- 
vented by  the  support  which  those  comers  afford,  but  the  centra 
is  only  imperfectly  supported  by  them,  and  the  more  imperfectly 
as  the  breadth  of  the  plate,  or  the  distance  from  a  comer  is 
greater. 

(305.)  Fig.  59  is  half  the  tubular  pillar  Fig.  58,  and  we 
may  admit  as  self-evident,  that  the  edges  D  and  £  being  sup- 
ported at  one  side  only,  or  from  F  and  O,  will  &il  by  wrinkling 
with  a  strain  much  less  than  the  plate  A,  B,  which  was  supported 
at  both  sides,  although  the  distance  from  a  support  is  the  same 
in  both  cases.  In  Fig.  60,  we  have  a  pillar  where  the  distuice 
n,  J,  or  the  distance  from  a  support  on  one  side  is  ^th  of  the 
width  of  the  plate  A,  B,  which  was  supported  on  both  sides : — 
in  the  absence  of  ei^rimental  information  we  may  assume  thai 
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this  would  pr  >babl7  gi^e  eqnalitj  of  strengih,  the  edge  J  failing 
by  wriiikling  with  the  same  Btndn  per  square  inch  as  the  centre 
G  of  the  wide  plate  A,  B.  In  Fig.  61,  we  have  the  application 
of  the  same  prindples  to  a  pillar  of  X  section,  the  analogy  of 
which  with  Fig.  60  is  obvions : — this  will  be  nsefol  when  we 
come  to  consider  the  croshing  strain  on  the  top  flange  of  a  plate- 
iron  (395)  or  lattice  girder. 

(306.)  A  rectangular  pillar  of  thin  plate-iron  may  fail  in 
one  of  three  ways.  1st,  by  Flexnre ;  2nd,  by  Gmshing ;  8rd,  by 
Wrinkling ;  each  being  goyemed  by  laws  peculiar  to  itself  and 
differing  from  the  other  two.  Of  course  it  will  actually  fail 
from  that  particular  strain  to  which  its  power  of  resistunce  is 
the  least* 

Taking  No.  15,  in  Table  55,  as  an  example;  col.  9  shows 
that  by  flexure  it  would  ful  with  2,628,000  lbs.  or  1178  tons, 
and  the  area  by  coL  4  being  1  *  532  square  inch,  this  is  equal 
to  1178-1-1*532  =  766  tons  per  square  inch.  But  we  have 
seen  (201)  that  the  absolute  crushing  strength  of  wrought  iron 
in  pillars  is  only  19  tons  per  square  inch,  or  ^th  of  the 
theoretical  breaking  weight  by  flexure  in  this  case.  CoL  12 
shows  that  even  this  reduced  strain  was  not  borne  by  the 
pillar,  which  really  fedled  by  wrinkling  with  7*108  tons  per 
square  inch,  or  little  more  than  ^rd  of  the  crushing  strain, 
and  xi^^  o^  ^  strength  due  by  flexure :  thus  by 

Wrinkling  OniahiDg  Flexiue 

the  breaking  strains  per  square  inch,  were 

7*108  19-0  766  tons 

the  Batios  of  which  are  :— 

1-0  S*7  108 

Here  eyident^  the  pillar  fiuled  by  Wrinkling,  the  actual 
breaking  load  being  t^?^^  ^'^1  ^  ^o  bending  strength  and 
2^th  of  the  crushing  strength. 

By  increasing  the  length  of  the  pillar,  the  resistance  to  flexnre 
might  be  reduced  until  it  became  even  less  than  the  wrinkling 
strain:  thus,  for  the  sake  of  illustration,  with  10  times  the 
length  the  resistance  to  flexure  (being  proportional  to  L')  would 
become  766  -J-  100  =  7*66,  or  nearly  the  wrinkling  strain. 
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With  intermediate  lengths  we  should  obtain  a  mixed  lesnlt, 
part  of  the  strength  being  employed  in  resisting  fleznre,  and 
part  in  resisting  *^ incipient  wrinkling"  (249),  (263).  In 
searching  for  the  laws  governing  Wrinkling,  it  will  therefore 
be  necessary  to  take  the  experiments  on  8hort  pillars,  where  the 
strength  is  dominated  almost  exclnsiyely  by  that  strain. 

(307.)  "Xaw«  of  Wrinkling " —The  laws  governing  the 
wrinkling  strain  may  be  obtained  from  Mr.  Hodgkinson's 
experiments  on  square  pillars  in  Table  65,  and  on  tubular 
beams  of  thin  plate-iron  in  (406),  and  Table  77.  They  may 
be  expressed  by  the  rules : — 


(308.)  W^  =  V  V  -r  6w  X  Mw 

(809.)  h  =  (Ww  X^K-T-  Mw)' 

(310.)  K  =  {^^  X  Mw  -r  WwY 

(311.)  Mw  =  Ww  X  ^K-T-t^ 


In  which  Ww  =  the  compressive  strain  in  tons  per  square  inch 
with  which  the  plate  will  wrinkle ;  t^  =  the  thickness  of  the 
plate  in  inches ;  6w  =  the  breadth  in  inches  of  a  plate  supported 
at  both  edges,  as  in  Fig.  58 ;  where  the  comers  are  connected  by 
angle-irons  in  the  usual  way,  the  breadth  must  be  measured 
between  their  edges,  as  at  C  in  Fig.  62.  When  the  plate  is 
supported  at  one  edge  only,  as  in  Fig.  59,  four  times  the  dis- 
tance projecting  beyond  the  angle-iron  must  be  taken  for  the 
value  of  &w>  M  explained  in  (305).  Mw  =  the  Multiplier  found 
from  experiment,  the  mean  value  of  which  in  rectangular  pillars 
=  80,  and  in  Beams  =  104,  as  shown  by  Table  62. 

Table  63  gives  the  Wrinkling  strain  for  plates  of  different 
thickness  and  breadth  calculated  by  the  rule. 

(312.)  The  value  of  Mw  for  pillars  may  be  found  £rom  the 
experiments  in  Table  55 ;  selecting  the  short  pillars  for  reasons 
given  in  (306)  we  obtain  Table  62,  the  mean  being  79*45,  say 
80.  Thus  taking  No.  15  as  an  example  which  failed  with  7  *  1()8 
tons  per  square  inch  by  ooL  12 ;  then  rule  (311)  becomes  7  *  108 
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X  V  8- 176 -i- •061  =  82-29,  the  valneof  Mw,  as  in  TaUe  62: 
lor  the  yalne  of  Mw  for  Beams,  see  (822). 

OoL  11  of  Table  65  has  been  calculated  by  the  rule  (808) ;  it 
will  be  obsenred  that  the  actual  experimental  strain  in  col.  12, 
is  often  less  than  the  wrinkling  strain  in  coL  11 ;  this  is  due  to 
the  fftct  that  the  strains  in  col.  12  are  complicated  by  flexure 
(806),  and  are  affected  by  the  length  of  the  pillar,  as  idiown  for 
example  by  Nos.  27,  28,  and  29. 

Table  62. — Of  the  Value  of  Mw  for  the  Bebibtance  of  Thin 
Wbought-ison  Plates  to  Wbikkuno. 


Nomberln 
Table  56. 


9 
15 
22 
25 
29 


TMbII, 


1 

2 
6 
6 
11 
12 
14 
16 


Fob  Rbctaxoulab  FoxAsa. 


Ww  

10-783  X  VF05  ^-  -0637  « 

7-108  X  4^8175+  -061  = 

13-62    X  4^4  44   -I- -136  = 

12-24    X  \^4-25    -4- -685  = 


5-537  X  ^i'l 


•03 


Mean 
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17-75    X  V24  H-  -75 
18-52    X  V24H-  -7^ 


19-20  X  V15-5^- 

18-50  X  ^la  -*-  -5 

14-42  X  i/l5^5 

7-74  X  Vi5h--124 

15-32  X  V3-8-4-  -065 

13'88  X  \^l-9^--03 


525        = 


-I-  -272        = 


Mean 


85-96 
82-29 
77-82 
86-55 
64-74 
79-45 


100'4 
104-8 
104-3 
104-6 
108-8 
85-1 
117-1 
106-4 
104 


(818.)  It  should  be  observed  that   the  wrinkling  strain  is 
independent  of  the  length  of  the  plate;  this  is  shown  by  the 
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same  experiments,  for  althoagh  with  lengths  of  10  and  2]^  feei 
respectively,  the  actual  compressive  strains  in  col.  12  varied 
from  4  *  902  to  5  *  537  tons  per  square  inch,  when  correction  is 
made  for  flexure,  and  the  effect  of  the  length  is  thus  eliminated, 
col.  8  shows  the  same  error  in  both,  or  22*2  and  22*4  per  cent, 
respectively. 

Another  proof  that  the  wrinkling  strain  is  independent  of 
length,  is  that  even  with  long  pillars,  the  plate  often  fdls  near 
the  end ;  for  instance.  No.  2  was  10  feet  long,  but  failed  by 
wrinkling  14  inches  from  one  end.  No.  8  was  6  feet  long,  but 
gave  way  at  7  inches  from  one  end.  Now  the  crushing  strain 
due  to  flexure  is  a  maximum  at  the  centre,  and  is  reduced  pro- 
gressively towards  the  ends,  where  it  becomes  nil ;  but  the 
crushing  strain  due  to  direct  pressure  is  the  same  from  end  to 
end.  These  two  facts,  that  the  length  has  so  little  effect  on  the 
strength  of  the  pillar ;  and  that  failure  by  wrinkling  takes  place 
indifferently  in  any  part  of  the  length,  show  that  the  wrinkling 
strain  is  independent  of  the  length  of  the  plate. 

(314.)  An  obvious  and  economical  method  of  increasing  the 
strength  of  a  plate  in  resisting  wrinkling,  is  by  adding  vertical 
ribs  as  at  A,  B,  Ac,  in  Fig.  62,  which  in  effect  reduce  the 
breadth,  and  thereby  increase  the  strength  in  a  much  higher 
ratio  than  the  weight : — thus  one  central  rib  reduces  the  width 
to  hal^  and  the  wrinkling  strain  is  increased  in  the  ratio  of  ^2 
to  j/1^  or  from  1  *0  to  1  *41,  or  41  per  cent.    Similarly  two  ribs 

give  an  increase  of  V3  =  1*73,  or  73  por  cent.,  &o. 

(315.)  It  should  be  observed  that  the  total  wrinkling  strain 
increases  in  a  much  higher  ratio  than  the  square-root  of  the 
thickness  which  governs  the  resistance  per  square  inch  only : 
thus  for  thicknesses  in  the  ratio 

1  2  8  4  ft  e 

the  wrinkling  strain  per  square  inch  follows  the  ratio  ^  t^  and 
becomes,— 

1  1*41         1*73  2  2*24         2*45 

Bat  the  areas  are  also  increased  in  the  simple  proportion  of  the 
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fliickneesi  aod  the  total  strains  are  therefore  increased  in  the 
ratio,  V^  X  'wi  or  V,  and  become : — 

2-82         5-2  8  11-2  14-7 

See  (896)  and  Tables  74  and  75. 

The  total  strain  dne  to  flexure  is  practically  simply  proper^ 
tional  to  the  thickness  of  the  plate : — ^thos  with  a  pillar  12 
inches  square  externally,  and  -^  inch  thick,  therefore  llj  inches 
internally,  D"'*  —  d"'*  becomes  284: — ^with  J  inch  thick,  there- 
fore llj  inches  internally,  D***  —  d"'*  =  559,  which  is  nearly 
proportional  to  the  thickness. 

(316.)  Another  result  of  the  roles  is  that  in  order  to  obtain 
equality  of  strength  in  a  rectangular  pillar  other  than  square, 
the  thickness  of  de  plates  should  be  simply  proportional  to  the 
breadths : — thus,  if  the  ratio  of  the  sides  is  8  to  1,  the  thicknesses 
should  be  in  the  same  ratio  (472). 

The  absolute  crushing  strength  of  wrought  iron  in  pillars  is 
19  tons  per  square  inch,  and  in  order  to  obtain  the  full  value  of 
the  material,  the  wrinkling  strain  should  not  be  less  than  that 
For  example,  No.  4  in  Table  55  failed  with  5*926  tons  per 
sqnare  inch,  coL  12,  being  yery  nearly  the  calculated  Wrinkling 
strain  in  col.  11,  whereas  by  crushing  it  would  not  have  failed 
with  less  than  19  tons,  so  that  5*926  -f-  19  =  *81,  or  81 
per  cent  only  of  the  strength  of  the  material  is  utilise4  and 
69  per  cent  is  wasted.  We  can  easily  find  the  ratio  of  the 
breadth  to  the  thickness  which  is  necessary  to  secure  that 
equality  of  strength: — say  we  take  1  inch  thick,  then  the 
breadth  of  a  plate  supported  at  both  edges  to  give  Ww  =  19 

t«ms  will  be  given  by  the  rule  (810),  which  becomes  6^^  =  (\^  1 
X  80-4-19)*  =  17*72,  or  say  18  inches.  The  same  thickness 
of  plate  supported  at  one  edge  only,  would  have  a  breadth  of 
18  -^  4  ss  4|  inches  projecting  beyond  the  angle-iron,  as  P  in 
Fig.  98.  These  dimensions  apply  only  to  plates  subjected  to 
direct  pressure  as  in  a  pillar,  and  th^  may  be  taken  as  ratios 
applicable  to  all  thicknesses. 

(317.)  For  plates  1  inch  thick  forming  part  of  a  plate-inm 
tubular  beam  or  girder,  and  supported  at  both  edges  as  in  Fig. 
68«  the  value  of  Mw  =  104,  and  the  rule  (310)  gives  the  breadth 

V  2 
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for  Ww  =  19  tons,  &w  =  (  VT  X  104 -s- 19)'  =  29-96,  say  80 
inches : — for  the  top  flange  of  a  girder,  supported  at  one  edge 
only,  and  measured  as  in  Fig.  60,  the  breadth  would  be  80  -r  ^ 
=  7^  inches. 

Calculating  in  this  way  we  may  find  the  breadths  of  wrought- 
iron  plates  xmder  different  conditions,  such  that  the  Wrinkling 
Strain  shall  be  equal  to  the  Crushing  strain,  or  19  tons  per  square 
inch  in  all  cases :  for  thicknesses  of: — 

i.         i  t  i  t  I  f  linob, 

the  breadth  of  plate  supported  at  both  edges  and  formiug  part 
of  a  pillar  = 

2}         H         6|         9         11}       13|        15}         18  inches. 

The  same  plates  f<mning  the  top  of  a  Tubular  beam  would  havo 
breadths  of: — 

8|         7i       11}       15         181       22)       26i         80  inches. 

The  breadths  for  plates  supported  at  one  edge  only  in  pillars 
become : — 

A         H         1*       2}  2f         8i         8}  4|  inches, 

and  in  plates  forming  the  top  flange  of  a  plate-iron  girder, 
Fig.  98,  we  have : — 

1  1{       2}         8|  4{         5f         6)  7i  inches. 

With  breadths  greater  than  those  given  above  the  Wrinkling 
strain  would  be  less  than  19  tons  per  square  inch:  with  less 
breadths  the  wrinkling  strain  by  calculation  would  come  out 
more  than  19  tons,  but  this  would  not  be  realised ;  in  that  case 
the  strength  of  the  plate  would  be  limited  by  the  crushing 
strength. 

(818.)  Let  Fig.  62  be  the  section  of  a  short  pier  for  a  bridge, 
&o^  6  feet  square,  of  wrought-iron  plate  f  inch  thick,  strength- 
ened with  T  ribs  A,  B,  &c.,  giving  11^  inches  between  their 
edges,  we  should  then  have  19  tons  per  square  inch  wrinkling 
Bti'ain,  and  should  thus  have  obtained  the  utmost  possible  effect 
from  the  material.    If  in  this  case  we  dispense  with  the  riba 
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the  effeotiye  width  of  the  |-inch  plate  would  be  5  feci 
5}  inches,  and  the  wrinkling  strain  by  tl'e  mle  (308)  becomes 

V^25-S- 65*76  X  80  =  7*8  tons  per  ^square  inch,  which  is 
7  *  8  -^  19  =  '41,  or  41  per  cent,  only  of  the  maximum  strength, 
and  thns  59  per  cent,  would  be  wasted  in  that  casa 

The  vertical  ribs  would  not  only  increase  the  strength  of  tho 
thin  plate,  but  would  also  yield  their  full  quota  of  strength  to 
the  pier  in  the  simple  proportion  to  their  own  area  or  weight. 
The  additional  strength  to  the  plates  is  thus  a  clear  nei  advantage. 

If  the  pillar  is  of  considerable  length  it  would  be  expedient 
to  make  it  cellular  as  in  Fig.  54,  rather  than  a  simple  square  as 
in  Fig.  62.    See  (266). 

(819.)  "  Wrinkling  Strain  in  Beams** — In  an  ordinary  rect- 
angular tubular  beam,  supported  at  both  ends,  a  transverse  luad 
causes  a  compressive  strain  on  the  top  plates.  With  very  thick 
plates  the  limit  to  that  strain  is  the  crushing  strength  of  the 
material,  or  19  tons  per  square  inch,  but  with  ordinary  thick- 
nesses and  breadths  the  plate  will  feM  by  Wrinkling  with  a 
much  lower  strain,  as  shown  by  col.  12  of  Table  77. 

We  have  first  to  ascertain  the  longitudinal  compressive  strain 
from  the  transverse  load,  &e,y  which  will  be  given  by  rule  (514). 

Thus,  taking  No.  5  in  Table  77  as  an  example,  whose  section 
is  shown  by  Fig.  63,  the  rule  (514)  for  finding/  becomes 

8  X  58-66  X  860  x  24  ^^  .^ 

7 : : 7  =s  19*2  tons, 

2  X  {24»  X  16-6)  -  (22-95»  x  14-45|  ^ 

as  in  col.  12. 

(320.)  It  will  be  interesting  and  instructive  to  check  this 
result  by  an  analytical  investigation.  The  beam  being  80  feet 
long  supported  at  each  end,  our  first  step  will  be  to  reduce  it 
to  the  equivalent  case  of  a  cantilever  of  half  the  length,  say 
built  into  a  wall,  and  loaded  at  the  end  with  half  the  central 
load.    See  (885)  and  Figs.  91,  92. 

Assuming  the  value  of/,  or  19*2  tons  per  square  inch,  as  the 
maximum  strain  at  A  and  B  in  Fig.  68,  this  is  reduced  at  C  and 
D,  or  the  centres  of  the  top  and  bottom  plates  to  19  *  2  x  28  -  475 
•T-  24  =  18*78  tons  per  square  inch,  this  being  simply  propof* 
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tional  to  the  rdLatiye  distanoes  from  the  neutral  axis  N.  The 
area  of  say  the  top  plate  being  15*5  x  '525  =  8*137  square 
inches,  and  the  leverage  by  which  the  strain  acts  in  supporting 
the  load  at  W,  23  *  475  and  180  inches,  we  obtain  8*137x18*  78 
X  23  '475  -r  180  «  19*  93  tons  at  W,  and  as  we  have  taken  for 
the  leverage  the  whole  depth  C,  D,  not  the  distance  from  the 
neutral  axis  N  to  0  or  D,  this  will  be  the  sum  of  the  resistances 
of  tension  at  0  and  compression  at  D,  which  in  that  case  occupy 
the  positions  of  fulcra  and  resistances  to  each  other  reciprocally. 

Following  the  same  course  with  the  sides,  we  have  below  N 
the  area  of  the  two  half  sides  =  22*95  x  *525  =  12*04  square 
inches.  The  mean  resistance  at  o  and  p  will  be  proportional  to 
the  distances  from  N:  hence  19*2  tons  at  A  is  reduced  to 
19*2  X  11*475  -7-  24  s  9*18  tons  per  square  inch  at  o  and  p. 
By  (495)  it  is  shown  that  the  true  mean  is  not  found  by 
multiplying  the  area  by  the  mean  tensile  strain  and  the  mean 
leverage  simply,  but  by  f  of  that  product.  Then  we  obtain 
(12*04  X  9*18  X  11-475  X  J)  -r- 180  =  9*4  tons  at  W,  as  the 
fesistance  of  the  sides,  making  a  total  of  19  *  93  +  9  *  4  =  29  *  33 
tons  at  the  end  of  a  cantilever  15  feet  long,  which  is  equivalent 
to  29*33  X  2  =  58*66  tons  in  the  centre  of  the  girder  30  feet 
long,  agreeing  precisely  with  the  experiment ;  ool.  8  of  Table  77. 
See  (412)  and  (414). 

(321.)  The  value  of  /  in  coL  12  of  Table  77  has  been  cal- 
culated by  the  rule  (514) ;  it  represents  the  maximum  strain  at 
the  edge  of  the  section  due  to  the  transverse  load,  but  does  not 
determine  whether  failure  takes  place  by  wrinkling  or  by 
crushing.  When,  however,  /  is  much  less  than  19  tons  per 
square  inch,  the  plate  must  have  fedled  by  wrinkling ;  in  two 
cases,  No9.  13  and  15,  /  was  greater  than  19  tons,  namely, 
23*13  and  21*56  tons  respectively,  which  must  be  regarded  as 
exceptional  and  anomalous.  They  may  be  accounted  for  by  the 
variableness  conunon  to  all  materials  under  all  kinds  of  strain, 
as  shown  by  Table  147,  which  gives  for  Boiler-plate  under 
tensile  strain  29  per  cent  in  excess  of  the  mean  strength,  col.  1. 
In  our  two  cases  the  excess  was  22  and  29  per  cent  respectively 
under  wrinkling  or  crushing  strains. 

(322.)  "  Value  of  Mw  M  Beams.'*  —  The  experiments  in 
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Table  77  will  giye  the  value  of  Mw  for  a  plate  forming  part  of  a 
tabular  beam  and  subjected  to  compression,  which  is  usually 
the  top  plate.  Selecting  cases  where  the  top  and  bottom  plates 
were  of  one  and  the  same  thickness,  and  where  the  results  are 
likely  to  be  more  correct  than  under  other  conditions,  omitting 
also  the  anomalous  cases  Nos.  13  and  15,  we  obtain  Table  62 ; 
the  mean  of  the  whole  is  104,  which  is  80  per  cent,  higher 
than  80,  the  mean  value  of  Mw  for  pillars  where  the  plate  is 
subjected  to  direct  compression  (312).  We  found  the  same 
remarkable  difference  to  prevail  in  the  crushing  strength  of 
Wrought-iron  and  Steel,  the  fDrmer  giving  26  and  the  latter 
18  per  cent,  greater  resistance  in  Beams  than  in  Pillars  (133)r 

The  variations  in  the  value  of  Mw  ^or  beams  in  Table  62  are 
117-1  -1-  104  =  1-126  or  +  12-6  per  oent^  and  86-1  4-  104 
=:  -818  or  —  18*2  per  cent.,  which  are  not  greater  than  the 
variableness  of  plate-iron  under  tensile  strains,  namely  -f  29 
and  *  33  per  cent,  as  shown  by  Table  149.  This  is  the  more 
satisfactory  when  it  is  remembered  that  the  thicknesses  ranged 
from  -03  to  -75  inch,  or  1  to  25,  and  the  breadths  firom  1-9  to 
24  inches,  or  1  to  12  -  6.  These  relative  numbers,  however,  fail 
to  give  an  adequate  idea  of  the  great  differences  of  the  dimen- 
sions :  Fig.  100,  where  the  beams  are  drawn  to  the  same  scale, 
will  convey  a  clearer  conception.  It  should  also  be  observed 
that  tiie  largest  and  the  smallest  beams  give  nearly  the  same 
value  for  Mw>  namely,  100*4  and  106-4  respectively,  and  that 
both  differ  but  little  from  104,  the  mean  value  of  the  whole. 

The  application  of  the  laws  of  Wrinkling  to  rectangular 
pillars  is  shown  by  (249),  and  to  Tubular  Beams  by  (406),  &c. 


OHAPTEE  X. 

ON  THB  TBANSVEBSB  STBAIK. 


(323.)  The  general  investigation  of  the  Transverse  Strength 
of  Materials  is  complicated  very  much  by  the  variable  con- 
ditions in  the  mode  of  fixing  and  loading.  It  will  therefore  be 
expedient  to  take  first  a  standard  case,  say  that  of  a  horizontal 
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beam  supported  at  both  ends  and  loaded  with  a  dead  weight  in 
the  centre:  the  effect  of  other  conditions  may  be  considered 
afterwards. 

For  solid  Bectangnlar  sections  we  bare  the  Bnlee:— 

(324.)  W  =  D*xBxMt-s-L. 

(326.)  D  =  VWxL)TTM,  XB). 

(326.)  B  =  (W  X  L)  -^  (D«  X  M,). 

(327.)  Mt  =  (W  X  L)  ^  (D'  X  B). 

(828.)  For  solid  square  sections: — 

W  =  D'xM,-rL. 
(329.)  For  hollow  sqoare  sections: — 

W  =  5^^xM,.fL. 
(330.)  For  hollow  rectangular  sections : — 

(331.)  For  solid  cylindrical  sections: — 

W  =  D,«xM,-rL. 
(332.)  For  hollow  cylindrical  sections  >— 

D.*  -  ««.* 
"D. 
(338.)  For  solid  Elliptioal  sections  :— 

W  =  DixDBX  M,-i-L. 
(884.)  For  hollow  Elliptical  sections :— 

^^(DixD,)^(i'„Xd.)^^^^^^ 

In  which  D  ss  the  eztenudy  and  d  =  the  internal  depth,  in 

inches. 
^        B  s  the  external,  and   h  =  the    internal   breadth, 

in  inches. 


W  =  ^^^^xMT-rL. 
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In  which  Do  =  the  exteraal,  and  d^  =:  the  internal  diameter, 

in  inches. 
,,        Dp  s  the  external,  and  dj,  =  the  internal  depth  or 

▼ertical  diameter  in  Elliptical  sections. 
^        Db  =s  the  external,  and  d^  =  the  internal  breadth  or 

horizontal  diameter  in  Elliptical  sections. 
„        L  =  the  length  of  the  beam  in  feet. 
^        W  =  the  load  in  lbs.,  tons,  &o.,  dependent  on  the 

terms  of  Mt« 
^       Mt  =  Multiplier  which  varies  with  the  Material,  mode 

of  fixing,  loading,  &o,:  the  yalne  for  rect- 
angular and  cylindrical  beams  is  given  by 
Tables  64, 65, 66,  and  the  Batios  in  (359),  (362). 
(335.)  The  value  of  Mt  may  be  found  from  direct  experiment 
by  role  (327).    Its  most  useful  value  is  when  W  =  the  ultimate 
or  breaking  weight  in  the  centre  of  a  rectangular  beam  sup- 
ported at  both  ends : — in  that  case  it  is  simply  the  breaking  load 
of  a  beam  1  inch  square  and  1  foot  long. 

Table  64  gives  in  coL  7  the  mean  value  of  Mt  for  the  breaking 
weight  of  54  kinds  of  British  cast  iron  at  2063  lbs.,  or  18*4 
owts.,  or  *  92  ton,  and  of  course  W  will  come  out  in  lbs.,  cwt., 
or  tons  according  to  the  Multiplier  used :— col.  10  gives  Mr  for 
the  safe  dead  load,  which  is  taken  at  ^rd  of  the  breaking  weight. 
This  Table  is  based  on  Fairbaim  and  Hodgkinson's  experiments. 
Table  65  gives  the  value  of  Mx  for  Timber,  and  Table  66  a 
reduced  and  condensed  general  summary.  Table  67  gives  the 
Transverse  strength  in  connection  with  the  Stiffiiess  for  the  Safe 
working  load  as  well  as  for  the  breaking  weight:  the  ratio 
which  these  should  bear  to  one  another,  or  the  ^  Factor  of  Safety,'* 
varies  with  the  nature  of  the  material  and  the  character  of  tiie 
Strain,  &c.    See  (880),  &o. 

(336.)  The  application  of  the  rules  and  Tables  may  be  illus- 
trated by  examples.  Thus  to  find  the  breaking  weight  fur  a 
beam  of  English  Oak,  12  inches  deep,  6  inches  wide^  and  15  feet 
long; — ^we  may  take  Mt  from  ooL  6  of  Table  66  at  *2272  ton ; 
then  the  rule  (324)  becomes  12'  X  6  x  *  2272  4- 15  =13-1 
toDS  breaking  weight  in  the  centre.  Again :  to  find  the  depth  of 
a  beam  of  Biga  Fir  10  feet  long,  8  inches  wide,  to  carry  the 
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Tablk  65. — Of  the  Tbansvebse  Stbekoth  of  Tdibeb,  or  the  Value 
of  Mt,  bein$i;  the  ceDtral  Breaking  Weight  <3i  a  Beam  1  inch  square, 
1  foot  long  between  end  bearings. 
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771 
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255 

450 
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8688 
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8504 
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1782 
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2560 
2610 
8442 
2312 

8250 
2750 
2700 
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2760 
8040 
1140 
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2176 
2780 
8060 
2826 

8090 
2438 
1500 
2000 
2410 


Authority  and  Nninber  of 
ExperimeDtt. 


P.  W.  Barlow. 
lEbbels. 

1  « 

6  Barlow. 

8  Ptake  and  Banalllor. 

2  P.  W.  Barlow. 
1  Ebbela. 

1  Tredgold. 

*         » 
Kelson, 

Deniaon. 

8  Biirlow. 
lEbbela. 

Denison. 

Nelson. 

Denison. 

2  P.  W.  Barlow. 
1  Ebbels. 

4  P.  W.  Barlow. 
Kelaon. 
Barlow. 
Denison* 


1  Tredgold. 
Kelson. 

DeniBon. 

lEbbels. 

2  Tredgold. 

2  P.  W.  Barlow. 
1  Tredgold. 
Burbw. 

P.  W.  Barlow. 

1  Tredgold. 
8  Barlow. 

2  P.  W.  Bailow. 
lEbbelt. 
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Tablb  65.— Tbansyebsb  Stbength  of  Tdcbeb,  Ac'^eonHnued, 


Kind  of  Wood. 
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Ezperimenta. 
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1705 
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2607 
2237 
2840 
2:»22 
2120 

1866 
2959 
2852 
2424 
2317 
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4303 
2946 
2442 
2214 

2187 
1491 
2322 

2029 
2530 
2530 

2700 
20^8 
2317 
2540 
2480 
2770 


lEbbels. 
25  Bciiufoy. 

6  Barlow. 

27  Peake  and  Barrallicr. 
37       „ 


9t 


4         9. 

9  Barlow. 
lEbbels. 

1       „ 
13  Barlow. 

4  Peake  and  Banallieft 
8  Tredgold. 

NelsoiL 
1  Tredgold. 

^  99 

Nelson. 
Moore. 
Young. 
Denison* 
6  Barlow. 

19  Beaufoy. 
6  P.  W.  Barlow. 
Moore. 
Nelson. 
Denison. 

lEbbels. 
1  Tredgold. 

1  Ebbek 
8Buffon. 

8  Barlow. 
25  Beaufoy. 

Moore. 
8  Barlow. 

Nelson. 

Moore. 

Denison* 
8  Barlow. 
Moore. 
Nelson. 
Denison. 
Nelson. 
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TaBLB  65.~TBAK8yBB8B  StBENGTH  of  TiMBEB,  &Cw— COfl^tfMMdL 


KiDdofWood. 

Max. 

Mln. 

KeuL 

Authority  and  Number  of 
Kxperimenis. 

Ibf. 

lbs. 

lbs. 

tens. 

Oak,  African     ••     .. 

1035 

904 

998 

•4455 

4  P.  W.  Barlow. 

••                        M                         ••             *• 

•• 

•  • 

831 

•8715 

Barlow. 

•■                       «•                        ••             ** 

•• 

•  1 

828 

•3696 

Kelson. 

M                        M                         ••             •• 

•• 

•• 

841 

•3755 

Moore. 

M                        »                         ••             •• 

•• 

•  • 

865 

•8861 

Deniaon, 

„    Hemel      ••     •• 

•• 

•• 

555 

•2480 

Moore. 

„    Italian       ••   '  •• 

•  • 

•  • 

563 

•2513 

n 

Pine,  Bed 

464 

413 

447 

•2000 

3  Barlow. 

•a            M           •#           •*           ** 

•• 

•• 

648 

•2900 

Nelaon* 

»»••••      •• 

•• 

•• 

600 

•2680 

Young. 

••             t9            •*            "            ** 

•• 

•• 

430 

•1920 

Moore. 

ft             tt            **            **            ** 

•• 

•  • 

420 

•1875 

Deniflon. 

„    Pitch       ••     •• 

569 

521 

544 

•2428 

8  Barlow. 

M               »                     ••          «• 

672 

364 

544 

•2428 

24  Beanfoy. 

tt         n             ••       •• 

912 

505 

702 

•8184 

7  Peakeand  Barrallieiw 

W              99                   ••          •• 

•  • 

•  • 

607 

•2710 

Denison. 

M    Yellow    ••     .. 

627 

832 

472 

•2108 

6  Peake  and  Barrallier. 

•                 M                         •«            •• 

•  • 

•• 

896 

•1770 

Moore. 

•                M                        ••           •• 

•  • 

•  • 

367 

•1640 

Barlow. 

t                ft                       ••           •• 

•  • 

•  • 

422 

•1900 

Deniflon. 

„    White      ••     .. 

807 

227 

272 

•1213 

7  Peake  and  BanalUer. 

M                 9f                          ••            •• 

•  • 

■  ■ 

485 

•2165 

Nelson. 

9»              99                    ••          •• 

•• 

•  • 

358 

•1600 

Yonng. 

91               99                      ••          •• 

•1 

•• 

387 

•1728 

Denison. 

M    Dautzio    ••     •• 

•  • 

•  • 

475 

•2120 

Moore. 

„    Miniil     ••     •• 

•• 

•• 

449 

•2004 

99 

n    Biga 

•• 

•• 

562 

•2509 

99 

99               99                     ••          •• 

•• 

•• 

359 

•1603 

Barlow. 

M    Archangel 

•• 

•• 

457 

•2040 

Moore. 

Plane-tree ..     ..     .. 

•• 

•• 

607 

•2710 

lEbbels. 

Poplar,  Lombardy   .. 

•• 

•• 

328 

•1467 

1       - 

„      Abele    .. 

•• 

•• 

570 

•2540 

1            9. 

Spmoe       

•• 

•• 

449 

•2000 

Moore. 

„     Amerioan     •• 

•• 

•  • 

345 

•1540 

DeniacMU 

Sycamore  ••     •*     •• 

•  • 

•  • 

535 

•2388 

lEbbeli. 

Teuk 

892     717 

821 

•3«>60 

8  Barlow. 

»     ••     ••     ••     •• 

677     642 

660 

•2947 

2  Peake  and  Barrallier. 

633 
655 
365 

•2826 
•2924 
•1G29 

Nelson. 

99         ••         ••         ••         •• 

Denison. 

Willow       

•• 

•• 

Tredgold. 
Ebbels. 

Walnut  (green)        •• 

«• 

•• 

487 

•2174 
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Table  66.~C)f  the  TnASBWBSB  Strbngth  of  Babs  1  inck  sqoait^ 
1  foot  long :  value  of  Mt  ^^  Breaking  load. 


MaterUla 


Martmnm. 


Lba. 


Gafit-Iron  •• 
Wrought  Iron :  plain  bnrs 
liniit  of  Elasticity 
Working  dead  load 

Boiled  T  and  Z  bars     .. 
„      limit  of  filastioity 
f,    Working  dead  load 

Steel :  ordinary  bar     .. 
M       limit  of  Elastioity 
M     Working  dead  load 

81ate :  Bangor,  split     .. 
n       Talentia,  bawn  •• 

York  Paving 

Ash 


Beech 
Birch      . 
Oedar 
Ohestnnt  < 


•• 


Deal        .•     •• 

Elm 

Fir,  Biga 

Lnrch      ..     •• 

Mnbogany 

Oak,  English..     •• 

Dantzic.  •• 
Canadian  •• 
African .. 

Pine,  Pitch  .. 
n  Bed  .. 
^     Yellow  •• 


2632 


7432 


Ton& 


1175 


3*318 


MlnimimL 


Lbs. 


1638 


•• 


ft 

99 


•• 


•• 


n     White 
Teak 


•• 


•• 


•• 


543 

275 

78 

815 

677 
815 
681 
592 

692 
540 
550 

632 
637 
964 

526 

620 

1035 

912 
648 
627 

485 
892 

(0 


•242 
•123 
•035 
•8638 

•3022 
•3638 
•3040 
•2643 

•3090 
•2410 
•2455 

•2821 
•2844 
•4303 

•2322 
•2768 
•4620 

•4072 
•2900 
•2800 

2165 
3982 


.  • 
5671 


354 

220 

67 

490 

494 
518 
412 
882 

521 
834 
275 

225 
425 
364 

224 
566 

828 

864 
413 
367 

227 
638 

(3) 


Tons. 


Mean. 


Lbs. 


Tons. 


'780820630 
4000:1 
20000 
13800 


82001 
1500  0 
1120 


2^532  67203 
56002 
33601 


158 
098 
03 
2188 

2205 
2312 
1840 
1708 

2236 
1500 
1288 

1005 
1900 
1625 

1000 
2530 
8696 

1630 
1844 
1640 

1013 
2826 


421 

241 

78 

681 

559 
687 
514 
475 

615 
408 
889 

880 
556 
509 

357 
584 
920 

577 
491 
446 

831 
724 

(6) 


921 
786 
893 
594 

48 
67 
50 

000 
500 
500 

188 
107 
033 
804 

250 
8067 
2295 
2120 

2746 
1820 
1737 

1700 
2482 
2272 

1600 
2600 
4110 

2576 
2190 
1983 

1478 
8230 


Ko.  of 
Experi- 
ments. 


221 


• . 


9 

5 

2 

14 

4 
8 

4 
8 

5 
6 

58 

21 

5 

88 

29 
6 

8 

85 
7 
9 

10 

7 


c,  I  0) 


No.  of 
Autho- 
rities. 


2 
1 
1 
5 

2 
2 

4 
2 

8 

8 

.  8 

5 

4 
8 

3 

4 
5 

4 
5 

4 

4 
4 

(8) 


working  load  of  1900  lbs.  in  the  centre: — ^we  may  take  Mt  = 
78  lbs.  from  coL  3  of  Table  67,  and  the  role  (325)  becomGS 

V1900  X  10)  -T-  (78">r3)  =  9  inches,  the   depth  required. 
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Again :  to  find  the  breadth  for  a  beam  of  Pltcfa-pine,  12  iidot 
Lmg,  10  inches  deep,  to  break  with  24,000  lbs.  in  the  centre : — 
taking  Mt  ^m  col.  5  of  Table  66,  at  577  Ibi^  mle  (326) 
becomes  (24000  x  12) -i- (100  x  577)  =  5*16  inches,  the 
breadth  required,  &o. 

Table  67.*-0f  the  Transvebsb  Stbekgth  and  Stiffness  of  BiAVS, 

1  inch  square  and  1  foot  loog. 


Material. 


Ultimate 
Stiength. 


Weight 

In 
Lbs. 
W^ 


•  I 


St«el,  Bar     .. 
Wrought  Iron 
Cast  Iron 
Slate  (Bangor,  split) 
York  Pa?ing 

A^h  .. 

Beech  .. 

Cedar  ..     . 

Deal  .» 
Elm 


•• 


Fir,  Riga      - 
Larch  •• 

Oak,  English 
Canadian 
Dantzio 


Pine,  Pitch  •• 

„    Bed  •• 

T»fik     ..  .. 

waiow  .. 


*• 


•• 


•» 


6600* 

2000* 

2063 

421 

73 

681 
558 
455 
615 
408 

889 
380 
509 
584 
857 

577 
491 
724 
865 

(1) 


Deflec- 
tion In 
Inches. 


0802 
0313 
0785 
0153 
0264 

875 
284 
440 
184 
283 

288 
300 
308 
245 
198 

245 
239 
176 
480 

(a) 


Safe  Working 
Dead  Load. 


Weight 

In 
Lba. 
W^ 


3360t 

1330t 

688 

105 

18 

136 
112 

91 
123 

82 

78 

76 

102 

117 

71 

115 
98 

145 
78 

(8) 


Defleo* 
tlonln 
Inches. 


Resilience  fai 
Inch-Poanda. 


Ulti- 

mate. 

B. 


0481224 


0208 
0197 
0038 
0067 

0854 

o:^ 

081 
031 
052 

080 
037 
040 
028 
026 

OU 
023 
026 
056 

(4) 


81 

81' 
3 
0 

127 

al- 
loc 

56 
57 


5 
3 
0 
2 

-961 

6 
3 
0 
6 
7 


560 
570 
78-4 
71-5 
35-8 

70-7 
58-7 
63-7 
87-6 

(6) 


flaft 
Work- 
ing. 

r. 


80*8 
18*9 
6-78 
0-20 
006 

2*41 
2  02 
3-68 
1-91 
2*13 


1 

1 

2 

1" 

0 


17 
41 
04 
64 
92 


2-36 
1-13 
1'88 
2-04 

(«) 


1*66 

1-5 

8 

4 
4 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 

0) 


1-6^ 
1-5 

4 
4 

4 


10 
6" 
5 
5 
5 


6 
5 

44 
94 
45 


R 

r 


2-78 
2-25 

12 

16 

16 


53 
32 

27 

29- 

27 


9-6047 

8-1140 

7-7088- 

8-7543 

7-62|38' 


3 
2 
7 
1 

9 

4 
4 
6 
3 


5 

10 
6 
8 


98*30  0 
40  520 
■77  83-9 
5742-9 


(8) 


(•) 


*  *  Limit  of  RlastlcUj  * :  Wronght-lron  =  i,  and  Steel  =  4  the  Breaking-down  loada. 
t  i  of  Breaking-down  load.  tk^  BreaUng'down  load. 

^  Old  Bttfe."— The  mle  (329)  shows  that  in  hollow  square 

^-  d\ 
sections  the  strength  is  proportional  to  — i^^ —    The  old  rnk 


Tcry  commonly  osed  by  practical  men  is: — 
(337.)  W  =  (!)•-  cP)  X  M,^L. 
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In  this  nile  a  hollow  beam  10  considered  as  oomposed  of  twd 
solid  beams,  one  haying  the  external,  and  the  other  the  internal 
dimensions ;  then  the  strength  of  the  smaller  one  subtracted 
from  that  of  the  larger  was  supposed  to  give  the  strength  of  the 
hollow  one.  But  it  is  oyerlooked  that  the  tdtimaie  deflection  is 
inyersely  proportional  to  the  depth  (694),  and  that  the  full 
strength  will  not  be  realised  if  that  deflection  is  not  permitted. 
For  instance,  in  Fig.  64,  the  hollow  beam  A  is  supposed  to  be 
composed  of  the  two  solid  beams  B,  Fig.  65,  and  C,  Fig.  66,  but 
the  ultimate  deflection  of  the  two  latter  will  be  in  the  ratio 
1  to  2.  Now,  when  combined  as  in  A,  and  when  breaking  with 
the  deflection  due  to  B,  the  deflection  of  0  is  halfovlj  of  that  due 
with  its  own  breaking  weight,  therefore  half  only  of  its  strength 
is  to  be  subtracted  from  the  full  strength  of  B  in  order  to  find 
the  real  strength  of  A.  By  the  old  rule  the  strength  of  A 
wpuld  be  4'  -  3*,  or  64  -  8  «  66,  but  allowing  half  of  0  only, 
we  obtain  64  —  4  s  60  as  the  actual  strength.    We  should 

T)4  _    Ji 

obtain  the  same  result  by  the  rule  (829),  namely  — —- —  >  or 

4^-2^       256-16        240 
in  our  case    — j —  or    — j or  -j-  =  60,   as   before, 


which  is  60  -f-  66  s  1*07^  or  7  per  cent,  in  excess  of  the  old 
rule. 

(388.)  Agiun :  in  Fig.  67,  the  internal  dimensions  are  ^  of 
the  internal ;  for  the  former  we  haye  4'=  64,  and  f  of  the  latter 
becomes  8'  X  f  =  20*25^   hence  the  strength  of  the  hollow 

4*  -  8* 
beam  is  64  —  20*25  =  48-76.    The  rule  (829)  gives  — j — 

266  -  81        176        .^  .^     ,  rru       «       1        • 

or  J or  -J-  =5  48*76  also.     The   old   rule   gives 

4*  -  8^' »  87,  the  correct  rule  being  48*75  4-  87  «  1*18,  or 
18  per  oeni  in  excess  of  the  old  one. 

Again :  in  Fig.  68,.  the  internal  sizes  are  {  of  the  external ; 
Jionce,  instead  of  deducting  8j^'  ss  42*875,  we  have  to  deduct 
42-875  X  7  -r  8  s  87*6,  and  we  obtain  64  -  87-5  »  26*5 for 

XV    i_  «       ,.  T.        1    /oonx  ^*  -  8i*       256  - 150 

the  hollow  beam.    By  rule  (329)  — j-^  or  7 — ^ —  or 
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ij?  =  26-6  as  before.    By  ike  oH  role  *•  -  8i«  =  2M25 ; 

tbe  correot  rak  being  2)S*5-r21t'126  ss  1*25^  or  25*4  per 
cent  in  excess  of  the  old  rale. 

From  ftU  this^we  find  fliat  tiie  old  rale  is  entirely  incorrect;- 
and|  further,  we  haye  the  reisnlt  that  the  error  increases  with 
the  relatiye  thinness  of  the  metaL  Thus  with  metal  1,  ^,  and 
^  inch  thick,  the  error  in  onr  case  was  7|  18,  and  25*4  per  cent. 
respectiTely. 

(889.)  The  same  erroneous  method  o#  calcnlation  (837)  is 
▼ery  commonly  applied  to  girders  of  the  ordinary  flanged  type. 
Thus  in  Fig^  69,  A'  is  the  section  of  a  girder,  which  is  fre- 
quently considered  as  composed  of  two  plain  sections  B  and  C : — 
then  for  B  by  the  rale  (824)  we  haye  9'  x  8  =  241,  and  for  C, 
r  X  2^  s  110*25,  from  which  A  becomes  241  -  110-25 
as  180-75.  But  by  the  correct  rale  (880),  we  obtain 
(yx8)--<7>x2^)^j^^y^^^  a  difference  of  167-8-7- 180-75 

te  1*20^  or  2d  per  cent 

SPXOIAL  BXttSS  VOB  CAST  IB09«- 

(840.)  The  Bnles  in  (828)  are  Jperfectly  oorreet  for  all 
tnalerials  so  fur  as  solid-  sections  are  oonceraed,  but  for  hollow 
tnbnlar,  and  ordinary  x  <uid  I  sections  iti  cast  and  wrought  iron 
ihey  are  not  correct  except  for  yery  light  strains.  The  rales  are 
absolutely  correct  for  tiiose  cases  only  where  the  Tensile  and 
Crushing  strengthofthematerial  and  thecorresponding  extensions 
and  compressions  are  equal  to  one  another,  and  this,  as  shown 
by  Table  79,  is  not  the  case  with  any  known  material  when 
atrained  nearly  to  the  breiJdng  point  With  cast  iron- Ac  ratio 
of  those  strains  is  1  to  6,  and  special  rules  become  necessary 
when  we  would  calculate  the  breaking  weight.  With  wrought 
iron  there  is  much  greater  equality  between  T  and  0,  and  the 
ordinary  rules  would  be  nearly  correct  but  for  the  hici  that  in 
thin  plates  of  wrought  iron  there  is  a  tendency  to  wrinkle  or 
become  undulated  under  a  compressiye  load  with  a  strain  much 
less  than  is  necessary  to  crush  the  materiaL  The  great 
fetrength  of  east  iron  in  resisting  eompressiony  and  the  great 

o  2 
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weakness  of  wroiigbt  iron,  necessitate  special  roles  for  both 
materials,  differing  from  one  another,  and  differing  also  from 
the  ordinary  mlos  for  other  materials  whose  tensile  and 
crushing  strengths  are  more  nearly  eqaal.  The  necessity  for 
special  roles  will  bo  made  apparent  by  comparing  calculation 
with  experiment  It  is  probable  that  with  the  working  loads 
commonly  adopted  in  practice,  say  ^rd  of  the  breaking  weight, 
the  ordinary  rules  will  be  sufficiently  correct  for  practice  (853) ; 
the  osoal  coorse,  however,  is  to  calculate  the  breaking  weight, 
and  then  to  find  the  working  load  by  the  nse  of  the  ^  Factor  of 
Safety  "  (880). 

(341.)  The  best  rule  we  can  give  for  Cast-iron  beams  is  an 
Empirical  one,  and  is  based  on  the  assumption  that  the  resist- 
ance to  compression  is  infinite,  and  as  a  resolt,  that  the  neotral 
axis  coincides  with  the  edge  of  that  part  of  the  section  sob- 
jected  to  compression.  This  assumption  is  manifestly  not 
absolutely  true;  nevertheless,  we  shall  obtain  with  cast  iron 
more  correct  results  on  that  hypothesis  than  with  any  other. 

(342.)  «  Beams  of  ±  and  T  Section:*— The  best  evidence  of 
the  necessity  for  special  rules  for  cast-iron  beams  is  given  by 
sections  of  this*  form.  Let  A,  in  Fig.  70,  be  such  a  section. 
By  the  old  method  of  calculntion  (389)  this  would  be  regarded 
as  two  solid  beams,  B  and  0 ;  for  B  we  have  8'  x  6  s  884-; 
for  C,  7*  X  5  =  245 ;  hence  A  becomes  884  -  245  =  189,  which 
is  the  reduced  value  of  D*  x  B.  Now,  if  we  reverse  the 
position  as  at  D,  we  should  by  this  mode  of  calculation  obttdn 
precisely  the  same  result,  whereas  it  is  well  known  by  experi- 
ment that  with  cast  iron  there  is  a  great  difference  of  strengtii 
in  the  two  positions,  A  being  much  stronger  than  D. 

By  the  new  method  of  calculation  we  must  calculate  in  both 
cases  from  the  line  N,  A;  then  with  A  we  have  for  the  vertical  web 
7"  X  1  =  49,and  for  the  bottom  flange  (8*  -  7*)  x  6  =  90;  the 
sum  of  the  two  s  139,  or  the  same  as  by  the  old  method.  But 
with  D  we  h>ive  for  the  top  flange  1*  x  6  s  6,  and  for  the 
vertical  web  (8»  -  1*)  x  1  =  63 ;  the  sum  of  the  two  is  6  +  63 
ss  69,  which  is  very  nearly  half  the  strength  in  the  other 
position,  namely  139. 

(843.)  Mr.  Hodgkinson  made  experinieiits  on  beams  E  and  F 


0A8T-tB0N   ±  AlfD  T  BEAM8.  197 

in  Fig.  71 ;  E  broke  with  1008  lbs.:  nid  F  wiUi  270  lbs. ;  the 
ratio  being  1008-4-270^^8*73  to  1.  The  length  between 
supports  WAS  4*25  feet.  CalcoLiting  from  the  lioe  If^  A,  in 
both  cases  we  have  with  E,  for  the  yertioal  web  1*1*  X  ^  » 
•302,  and  for  the  i)ottom  flange  (1*85*-  1*1*)  x  4«  2-45:  the 
9um  of  the  two  is  -302  +  2*45  =  2*752,  which  is  the  reduced 
Yalue  of  D*  X  B  in  rule  (324),  and  taking  Mt  -  2068  Ibs^  we 
obtain  2*752  x  2063-t-4*25  =  1336  lbs. 

In  the  position  F  we  have  for  the  top  flange  *25'  x  4  =  *25, 
and  for  the  vertical  web  <1*35'  -  -25')  X  '25  s  -44:— the 
sum  of  the  two  =s  *25  +  *44  =  *69,.  which  is  the  reduced  yalue 
of  D*  X  B,  and  rule  (324)  becomes  -69  x  2068-7-4*25  » 
835  lbs.  The  ratio, of  the  strength  in  the  two  positions  is 
1836  -^  835  s  8  988  to  1 :  experiment  gave  8*78  to  1. 

(844.)  In  Fig.  72  we  haye  sections  of  similar  beams  experi- 
mented upon  by  Mr.  Hodgkinson,  the  length  between  supports 
being  6^  feet;  G  broke  with  1120  lbs.,  and  H  with  364  lbs., 
the  ratio  being  1120-7-364  =  8*08  to  1.  Calculating  from 
the  line  N,  A  as  before,  with  O  we  hare  for  the  yertical  web 
1*26*  X  -865  =  *58;  for  the  bottom  flange  (1*56*  -  1*26') 
X  5  =  4*23.  The  sum  of  the  two  =  -58  +  4*23  =  4*81,  with 
which  rule  (324)  becomes  4*81  x  2063  -f-  6*5  =  1^26  lbs. 

In  the  position  H,  we  haye  for  the  top  flange  *3'  x  5  =  '45 ; 
for  the  vertical  web  (1*55*  -  -S*)  x  '36  =  •8325:— the  sum 
of  the  two  =  ^45  +  -8325  =  1*2825,  with'  which  rule  (824) 
becomes  1*2825  x  2068-4-6*5  =  407  lbs.,  giving  as  the  ratio 
of  strengths  in  the  two  positions,  1526-7-407  =  3*75  to  1: 
experiment  gave  8*08  to  1. 

Considering  the  extreme  disproportion  between  the  flange  and 
web  in  these  experimental  beams,  whose  forms  were  not  such  as 
would  usually  be  found  in  practice,  but  were  designed  for  the 
special  purposes  of  research,  the  calculated  results  are  perhaps 
as  correct  as  could  be  expected. 

(845.)  **HoBw  Bectangular  Beams:*— Let  Fig.  78  be  the 
section  of  a  hollow  beam  4  inches  square  externally,  8  inches 
internally,  6, feet  long,  Mt  =  *92  ton.  Calculating  from  the 
neutral  axis  N,  Aj  D*  x  B  becomes  for  the  top  plate  a,  •  5'  x  4 
=  1*0;  for  the  two  sides  h  6,  (3^*  -  ^')  x  1  =  12*0;  and  for 
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the  bottom  e  (4*  -  8|*)  x  4  s  15*0.    The  Bum  of  the  whole  it 
1  +  12  +  15  s  28,  with  which  the  rale  (824),  or  W  =  D'  x  B 
X  Mt-t-L,  becomes    28  X '92 -r- 6  =  4-298    tons   breaking 
weight  in  the  centre. 
By  the  old  role  (887)  we  should  have  had  (4*  -  8^)  x  '92 

^  6  =  6-67  tons.    By  rule  (329)  we  obtain  ^—^^^  X  *92  -r 

6  =  6*71  tons. 

(846.)  We  hare  thus  obtained  three  very  different  resnlts^  and 
in  the  absence  of  experiment  should  not  know  which  was  correct ; 
fortunately,  we  have  Mr.  K  Clark's  experiments  on  hollow  beams 
of  Tarious  sections  by  which  the  yarious  rules  may  be  tested. 

Fig.  74  is  the  section  of  a  hollow  square  b^un,  the  metm 
breaking  weight  of  which  with  a  length  of  6  feet  was  2*152 
tons.  There  were  three  experiments  which  gave  2*0, 2*05,  and 
9*405  tons  respectiyely.  Calculating  from  the  line  N,  A,  as  in 
the  last  example,  we  hare  for  the  top  }*  x  8|  s  *489 ;  for  tie 
two  sides  (2f '  -  f ^  X  f  -  5*666;  and  for  the  bottom  (8^*  -» 
2f )  X  8^  :=  6*885.  The  sum  of  the  three  is  12*99 :  then  rule 
(824)  becomes  W  s  12-99  X  *92  -4- 6  =  2  tons  nearly,  agreeing 
precisely  with  pne  of  the  experiments,  but  differing  from  the 
mean  of  the  three  2*0-7-2*152=  -929,  giving  an  error  by 
Special  Bule  of  I'O  -  ^929  =  -071  or  -  7-1  per  cent 

If  we  calculate  the  same  beam  by  rule  (829),  we  obtain 

^  _  ^w  -  2|  ^  .93^5  -  8119tons:  henoe8-119-T-2162 

=  1  '45,  or  an  error  of  +  46  per  cent,  by  tiie  ordinary  rule. 

(847.)  Fig.  75  gives  the  section  of  hollow  rectangular  beams, 
the  mean  breaking  weight  of  which  by  Mr.  Clark's  experiments 
vras  2*8  ton%  the  length  being  6 feet,  There  were  four  experi* 
ments,  the  maximum  =  2*45,  and  the  minimum  s  2*2  tons. 
Calculating  from  the  line  N,  A,  we  have  for  the  top,  f*  x  2-21 
a  -8107;  for  the  two  sides  (8*665*  -  10  X  |  =  9*975;  and 
for  the  bottom  (4-04*  -  8-665«)  x  2-21  =  6-088.  The  sum 
of  the  whole  is  16*819;  then  the  rule  becomes  16-819  x  *92 
-^  6  s=  2-502  tons;  hence  2*602  -^  2*8  »  1*088»  or  an  error 
of  +  8-8  per  cent 
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,     /oonx          vx  .    (*04*  X  2-21)  -  (3-29«  X  1-46) 
By  rule  (330)  we  obtain  ^ -^ ^^ ^ 

X  *92-^6  =  8-558  tons:— hence  3*558-7-2*3  «  1-547,  or 
an  error  of  +  54  7  per  cent,  by  the  ordinary  rule. 

(848.)  "  Circular  Sections*' — ^For  circular  sectionB,  or  cylin- 
drical beams,  we  mnst  still  calculate  from  the  top  edge  of  the 
section,  but  shall  have  to  resort  to  analysis  in  the  manner  ex- 
plained and  illustrated  for  rectangulir  sections  in  (494). 
Taking  first  a  solid  round  bar  1  inch  diameter,  and  1  foot  long, 
we  know  (335)  that  a  square  bar  of  those  dimensions  would 
break  with  *92  ton,  and  admitting  for  the  breaking  weight  1*0 
to  1-5  as  the  experimental  ratio  of  the  strength  of  round  to 
square  bars  (361),  a  round  bar  would  break  with  *92  -f- 1*5  s 
*6133  ton.  Now  by  analysis,  we  have  to  reckon  from  the  line 
N,  A  in  Fig.  76 ;  the  maximum  tension  at  C  =  7*14  tons  per 
square  inch  (4),  therefore  at  B  =  7*14  -e-  2  =  8*57  tons.  The 
area  =  *7854  square  inch,  hence  *7854  X  3*57  =  2*8  tons: — 
but  it  is  shown  in  (495)  that  to  obtain  the  true  mean,  we  must 
take  $  of  that  product  or  2*8  X  4-7-3  c  3*733  tons.  Be- 
ducing  the  case  to  a  cantilever  of  half  the  length  of  the  beam, 
as  in  Fig.  92,  we  find  that  the  leverages  by  which  the  strain  of 
3*  733  tons  acts  are  ^  inch  and  6  inches,  then  the  strain  at  the 
end  of  the  cantileyer  becomes  3*733  x  i^6  =  -3111  tou, 
which  is  equivalent  to  *3111  x  2  s  *  6222  ton  in  the  centre  of 
the  beam  1  foot  long,  differing  little  from  -6133  ton,  as  we 
found  befo^ 

(349.)  Applying  this  method  of  calculation  to  hollov^ 
cylindrical  beams ;  Fig.  77  gives  the  section  of  three  which  by 
Hr.  Clark's  experunents  broke  with  2*0875,  2*358,  and  2*416 
tons  respectively,  the  mean  being  2*287  tons,  with  a  length  of 
6  feet.  The  area  of  the  section  =  4*12  square  inches,  henco 
4*12  X  3*57  X  }  =:  19*6  tons,  which  with  leverages  of  2  and 
36  inches,  gives  19*6  X  2-f-36  =  1*09  ton  at  the  end  of  a 
cantilever  3  feet  long,  equivalent  to  1-09  X  2  =  2*18  tons  in 
the  centre  of  a  beam  6  feet  long.  Experiment  gave  as  the  moan 
2*287  tons;  hence  2*184-2*287  =  *9532,  orl*0-  -9532  = 
*0468,  giving  an  error  of  ~  4*68  per  cent. 

By  rule  (332)  taking  the  value  of  Mt  for  the  breaking  weight 
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(885)  of  ciroalar  sectioiis  at  "92-^  1*5  =  -6188,  we  obtain 
8-875  ^  •6183-7-6  =  8-482  tons:  henoe  8-482 -f- 

2*287  =  1*50,  or  an  error  of  +  50  per  cent,  by  the  ordinary 
role. 

(850.)  **  Oirder-sectiona.** — ^Tbe  same  method  of  oalcnlation 
-will  apply  to  girders  of  all  seetions  with  eqnal  or  unequal 
flanges.  Fig.  78  is  the  section  of  one  which  by  Mr.  Hodgkin- 
son's  experiment  broke  with  6678  lbs.  in  the  centre ;  the  weight 
of  the  beam  itself  between  supports  4^  feet  asunder  was  82  lbs., 
equiyalent  to  16  lbs.  in  the  centre,  giving  a  total  of  6678  +  16 
ss  6694  lbs.  Calculating  from  the  line  N,  A,  and  taking  Mt 
s  2063  lbs.,  we  have  for  the  top  flange  -42*  x  1'76  =  *81 ; 
for  the  vertical  web  (4-785*  -  •42»)  x  -29  =  6-45;  and  for 
the  bottom  flange  (5*  125*  ~  4-785*)  x  1-76  =  6-758 :  the  sum 
of  the  whole  is  -81  +  6-45  +  6-758  =  18*518  which  is  the 
reduced  value  of  D'  x  B  in  rule  (324),  which  then  becomes 
18*618  X  2068  -7-  4-6  =  6197 lbs.:  experiment  gave  6694  lbs., 
hence  6197  -r  6694  s  -9258,  showing  an  error  of  1-0  -  -9258 
as  -0742,  or  —  7*42  per  cent 

By  rule  (880)  we  should  have  had 

_  (5*125>x  1*76)  -  (4*315^  X  1*47) 
^  "  '5*125 

X  2063  4-  4- 5  s:  10630  lbs. :    hence  10630  -^  6694  =  1-588^ 
or  an  error  of  +  58*8  per  cent  by  the  ordinary  rule. 

(851.)  As  an  example  of  the  application  of  the  special  rules 
to  girders  with  unequal  flanges,  we  may  take  Fig.  79,  which 
gives  the  section  of  girders  of  the  proportions  recommended  by 
Mr.  Hodgkinson,  the  ratio  of  the  areas  of  flanges  being  exactly 
1  to  6.  Mr.  Owen,  the  Government  Inspector  of  Metals,  made 
a  series  of  18  experiments  on  these  girders,  with  very  various 
kinds  of  British  cast  iron,  some  pure  and  others  mixed ;  this 
fact,  together  with  the  large  scale  of  the  experiments,  enhances 
their  value  very  much.  The  general  results  are  given  by 
Table  68  :  the  maximum  =  47^  tons,  the  minimum  =  80  tons, 
and  the  mean  of  the  whole  =  38  *  8  tons  in  the  centre  of  the 
girder,  16  feet  between  supports. 
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Calcnlatixig  as  before  from  the  line  N,  A,  we  haye  for  the  top 
flange  1*  x  3^  =  8-6;  for  the  Tertical  web  (12J«  -  1* )  x  1 
=  149*0 ;  and  for  the  bottom  flange  (14'  -  12|')  x  12  =  552. 
The  smnof  the  whole  =  8*5  +  149*0  +  552*0  =  704*5,  which 
is  the  rednced  yalne  of  D'  x  B  in  role  (324),  which  then  becomes 
704*5  X*92-7-16  =  40*5  tons:  experiment  gaye  a  mean 
=  88'8  tons;  honoe  40*5 -f-  88*8  s  1*0575,  or  an  error  of 
+  5*75  per  cent  by  Special  Bnle. 

To  calculate  this  girder  in  the  ordinary  way,  we  shall 
haye  to  modify  rnle  (330),  which  then  becomes  in  our  case 

W=  |l£^_  (l-^!^]  +  [y^*j  X -924.16 

s  56*46  tons,  giying  an  error  of  56*46-+ 88*8  =  1*475,  or 
+-47*5  percent. 

(352.)  ^^  Qeneral  BeBidtsr — The  whole  of  these  experiments 
on  square,  rectangular,  circular,  and  ordinary  girder  sections 
with  equal  and  unequal  flanges,  show  that  the  method  of  calcu- 
lating from  the  top  edge  giyes  in  all  cases  the  most  correct 
results,  the  errors  in  the  flye  different  kinds  of  section  by  the 
jpeao/ rules  being  -  7*1,  +8*8,  -  4*68,  -  7*42,  and  +  5*75 
per  cent,  respectiyely ;  whereas  by  the  ordinary  rules  they  were 
+  45,  +  54*7,  +  50*0,  +  58*8,  and  +  47*5  per  cent,  respec- 
tiyely. It  should  also  be  obsenred  that  in  the  special  rules  the 
wm  of  the  three  »  errors  is  19  *  2,  and  the  sum  of  the  two 
+  errors  is  +  14*55,  so  that  we  haye  as  a  general  average 
result  (19*2  -  14*55)  +-  5  =  0*93,  or  less  than  1  per  cent. 

(853.)  It  is  shown  by  all  these  experiments  that  the  ordinary 
rules  in  (323)»  d^c,  give  always  much  higher  results  than  the 
special  rules,  the  difference  being  47*5  —  5*75  =  41*75  per 
cent,  in  the  girder  with  imequal  flanges  (351),  and  4  *  68  +  50  *  0 
s=  54*68  per  cent,  with  the  circular  section  in  (349).  Now  it 
is  admitted  in  (510)  that  for  small  strains,  say  up  to  ^rd  of  the 
breaking  weight,  the  ordinary  rules  in  (512),  &c.,  which  are 
based  on  the  supposed  equality  of  the  tensile  and  compressiye 
strengths  of  the  material,  are  nearly  correct. 

(354.)  According  to  that,  we  might  calculate  the  safe  loa«l  by 
the  ordinary  rule,,  while  the  breaking  weight  must  be  found  by 
the  special  rule.  This  method  would  conduct  us  to  some  curious 
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Table  68.— Of  the  Comparative  Strength  of  Common  and  Stirling's 
Toughened  Cabt  Iron,  in  Girders  16  feet  long,  &c.    Fig.  79. 


Load  In  Oentre,  In  Tod& 

UUlnute. 

7 

14 

21 

28        35 

42 

45| 

49 

52} 

Lowi. 

IX-fleo* 

No. 

Deflectkm  In  Inches :  Comm  -n  Cast  Iron. 

tlOD. 

1 

•16 

•38! 

•62 

1^12 

•• 

80 

!• 

20 

2 

•42 

•85 

114 

1^55 

•• 

33 

1 

87 

3 

•20 

•  • 

•92 

1-53 

•• 

S3| 

1 

82 

4 

•  • 

•60 

•  • 

1-59 

•• 

34 

2 

00 

5 

.  • 

•42 

•85 

1-40 

•• 

34i 

1 

87 

6 

•22 

•61 

•90 

1  60 

•• 

35 

2 

30 

7 

•27 

•54 

•78 

1^10 

1-56 

•• 

3o} 

1 

68 

8 

•12 

•50, 

•84 

1-17 

1^58 

•• 

38| 

1 

80 

9 

•14 

•54 

•89 

1^27 

1-90 

•• 

38} 

2 

29 

10 

•22 

•48 

•68 

•90 

1-23 

1-82 

•• 

^ 

1- 

90 

11 

•33 

•55 

•75 

102 

1-30 

1-84 

214 

•• 

2" 

19 

12 

•27 

•48 

•75 

101 

140 

1-84 

2^10 

•• 

47 

2- 

18 

18 

•22 

•85l 

•70 

•95 

1^42 

184 

206 

*. 

471 

2 

14 

8 

Urling'8  Toaghened  Gt»t  Ir 

on. 

Mean  = 

38-3 

48 

94 

14 

•80 

1   '52 

•76 

•99 

1^23  1  1-50 

1^64 

. . 

73 

15 

•18 

•37 

•53 

•74 

•99     1^20 

1-38 

•• 

48* 

54 

16 

•20 

'  ^47 

•65 

•94 

1-22 

1^58 

1-79 

•  • 

50} 

99 

17 

•23 

•45 

•62 

•80 

•99 

1^20 

1-42 

163 

50} 

68 

18 

•31 

•53 

•72 

•99 

125 

1^54 

1-75 

1-98 

52 

13 

19 

•18 

•37 

•50 

•67 

•87 

1^12 

1*29 

1-50 

52 

64 

20 

•14 

•37 

•57 

•84 

•  • 

1^49 

•  • 

1-82 

52} 
52} 

98 

21 

•18 

•37 

•58 

•78 

•98  1  1-22 

1^84 

1^56 

1^79 

79 

22 

•20 

•38 

•58 

•79 

102 

1-28 

1-42 

1-57 

1-76 

52} 

'76 

23 

!   -16 

•38 

•56 

•77 

100 

1-27 

1-44 

1-62 

1-83 

56 

•01 

24 

•24 

•45 

•62 

*80 

104 

1^22 

135 

1^47 

1^62 

60} 
52-3 

■95 

1 

Mean  = 

1^84 

1.  i  Madely  Wood  (Shropehire) ;  i  Oole* 
brook  VAle  (Welsh),  both  No.  3,  C.  (cupoU) 
Blight  flaw  lower  flange. 

2.  Oalder  (SooCch).  No.  1,  HoUbUat ;  air 
ftunaoe.  With  28  tons  pennanent  set  '41 
Inch. 

S.  RnaeeU'aHall(Stafiord8hlxeXNo.l,H4 
enpola;  sound  fhu:tare. 

4.  Same  as  No.  2 ;  good  sound  flractnre. 

a.  t  Russell's  HalU  No.  2,  U. ;  i  Madely 
Wood.No.3,a;  iColebrook  Vale,  No.3,a; 
cupola. 

ti.  Same  mixture  as  No.  1 ;  cnpol*. 

7.  Ley's  Works  (Suflordshlre).  No.  3,  H.  S 
ftir  furnace.    With  14  tons,  set  f^  Inch. 

a.  Same  mixture  as  No.  T. 

9.  Same  mixture  as  No.  1,  boft  Aom 
cupola ;  sound  casting. 

10.  i  Madely  Wood,  No.  3,  C;  iOole- 
brook  Vale,  No.  3.  C;  air  funuoe. 

U.  Same  mixture  as  No.  10. 
12.  i IMur Flikl (Staff 'nkihlre). No.  1, H. ; 
i  Wednesbury  Oak,  No.  1.  C ;  4  Lawley 
Shropshire),  No.  2,  C. ;  air  Aimace, 


13.  Same  mixture  as  No.  12. 

14.  -8  Calder  (Scotch).  No.  1,  H.;  't 
wrought  Iron  scrap ;  air  f nraaoe. 

16.  '208  Wednealmiy  Oak,  No.  1,  C.s 
•417  Price  Field.  No.2,H.;  -aw  Lawl.y, 
No.  a,  d;  'IM  wrought-lron  scrap;  air 
fhmaoe. 

16.  •381  Russell's  Hall,  No.  %  H.;  •47« 
Prior  Flekl,  No.  1,  H.;  •149  wroac^t-hnm 
scrap;  alrfhmaoe. 

17.  •867  Ley's  Wortca,  No.  %  H.:  '143 
wrought4ron  scrap ;  air  ftimaoe ;  sou*  d. 

18.  Same  mixture  as  No.  14;  defea  lutop 
flange. 

19.  CTnknown. 

20.  Same  mlxtnraaBNo.l6:Bnand  casting. 

21.  '8  Calder  (Scotch).  No.  1,  H.;  '2 
wroui^t-lnm  scrap;  slight  defect;  air 
furnace. 

22.  -76  Calder  (SeotchX  No.  1,  H.;  -24 
wrought-lron  scrap;  defective;  air  furnace. 

23.  Same  mixture  as  No.  17 ;  air  furnace. 

24.  Same  mixture  •§  No.  21 ;  aoond 
fractoro     *  " 
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resnlts :  thus,  taking  for  the  yalnes  of  Mt  » *  92  toD  for  th« 
breaking  weight,  and  ^rd  of  *92,  or  *3067  for  the  safe  weight, 
then  calculating  the  former  by  the  fpecicUTvle  and  the  latter  by 
the  ordinary  role,  the  safe  load  comes  out  considerably  more  than 
|fd  of  the  breaking  weight ;  in  &ct  more  than  ^  in  some  cases. 

For  instance :  for  hollow  square  beams  in  (346)  the  breaking 
weight  by  special  rule  s  2  tons,  but  by  ordinary  rule  with 
Mt  =  *  92  we  obtained  3*119  tons :  obyiously  with  Mt  =  '  3067^ 
or  ^rd  of  92,  we  should  have  3*  119  -r-  3  =  1*0397  ton,  which 
is  more  than  half  the  breaking  weight  as  calculated  l>y  th^ 
special  rule»  namely,  2  tons. 

Again :  with  the  equal-flanged  girder  in  (350),  the  calculated 
breaking  weight  by  the  special  rule  =  6197  lbs.,  and  the  safe 
load  by  ordinary  rule  would  be  10630  4-  8  =  3543  lbs.,  which 
again  is  considerably  more  than  half  the  breaking  weight  by 
special  rule  and  experiment,  instead  of  ^rd,  as  it  would  hayo 
been  if  both  had  been  calculated  by  the  same  rule. 

(355.)  This  reasoning  is  certainly  correct  for  cast  iron  with 
Very  light  strains  up  to  -fth  of  the  breaking  weight,  as  shown 
in  (617) ;  as  the  load  is  increased  beyond  that  point,  the  ordi- 
nary rules  giYC  results  more  and  more  in  excess  of  the  true 
strength  until  the  breaking  weight  is  attained,  when,  as  shown 
in  (353),  it  becomes  more  than  50  per  cent.  On  the  other  hand, 
the  special  rules  may  be  taken  as  perfectly  correct  for  the 
breaking  weight ;  but  as  the  load  is  reduced  they  give  results  in 
defect  of  the  true  yalue,  the  error  increasing  until  with  |th  of 
the  breaking  weight  it  becomes  »  33  per  cent. 

It  will  be  evident  from  this  that  with  i  of  the  breaking 
weight,  which  is  usually  adopted  for  the  safe  load,  the  strength 
would  be  intermediate  between  those  given  by  the  two  rules. 
It  is  therefore  not  quite  correct  to  assume  that  the  ordinary 
rulos  will  give  the  working  load  with  ^  Factor"  3. 

(356.)  In  Fig.  81  we  have  a  Diagram  in  which  the  combina* 
tion  of  the  two  rules  is  represented  graphically,  the  results  by 
the  special  rule  being  shown  by  the  line  A,  and  by  the  ordinary 
rule  by  the  line  B,  the  latter  being  throughout  50  per  cent  in 
excess  of  the  former.  Now,  we  have  seen  that  the  ordinary 
yule  is  correct  with  {th  of  the  breaking  weight,  and  the  special 
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role  with  the  foil  breaking  weight: — ^then  the  line  0,  which 
connects  those  two  points,  should  give  the  correct  load  throogh- 
ont.  Thus,  at  j^th  the  breaking  weight,  or  at  D,  the  line  0  is 
exactly  intermediate  between  A  and  B,  and  the  true  strength  is 
an  arithmetical  mean  between  the  two  roles.  For  example: 
the  hollow  square  beams  in  (346)  came  ont  2  tons  breakiiig 
weight  by  the  special  rule,  therefore  at  ^th,  or  with  Factor  =  4, 
we  have  2  -7-  4  =  0*5  ton  working  load.  By  ordinary  rule  the 
breaking  weight  was  8*119  tons,  and  for  the  working  load  we 
have  8*  119 -r  4  s  *78  ton.  Then,  as  by  Diagram,  the  true 
load  for  ^th  the  breaking  weight  is  an  arithmetical  mean 
between  those  results,  and  becomes  (0*5  +  0'78)  -r-  2  =  * 64  ton* 
Or  we  might  have  done  it  another  way,  by  dividing  the  dif- 
ference between  the  two  rules  into  two  equid  parts ;  adding  one 
of  those  parts  to  the  calculated  strength  by  the  special  rule,  or, 
deducting  it  from  that  by  the  ordinary  rule,  we  should  obtain 
the  same  result  Thus,  in  our  case  (* 78  —  *5)  -f-  2  =  *  14,  and 
*6  +  '14  =*64;  or  '78  — -14  =  *64  as  before.  In  this  case, 
the  breaking  weight  is  2-^  * 64  s  8*13  times  the  safe  load, 
and  yet  the  beam  is  strained  to  ^th  only  of  the  breaking  weight : 
the  effect  being  to  add  *64  -7-  '5  =  1*28,  or  28  per  cent  to  the 
working  load. 

It  seems  paradoxical  to  say  that  a  beam  loaded  with  ^Ui  of 
the  breaking  load  is  not  strained  to  ^th  of  the  breaking  weighty 
but  this  is  due  to  the  peculiar  character  of  the  materiaL  Thus, 
tay  we  have  a  beam  whose  iH'eaking  weight  =  100,  then  when 
loaded  with  25  it  seems  to  be  self-eyident  that  it  will  be  strained 
to  ^th  of  the  breaking  weight,  but  we  hare  shown  that  to 
produce  that  strain  we  shall  require  a  load  of  1*28  -r  4  =  82 
instead  of  25.    See  (138)  and  (504). 

(357.)  For  ^rd  the  breaking  weight  the  diagram  shows  that 
the  difference  between  the  two  rules  must  be  divided  into  three 
equal  parts,  and  the  true  strength  will  then  be  found  by  adding 
&ne  of  those  parts  to  the  special  role,  or  deducting  two  of  the 
same  horn  the  ordinary  rula  Thus,  taking  the  same  example 
as  before,  we  have  2-r  8  =  *  6667  ton  by  special  rule,  and8*119 
4.  3  =  1*0397  by  ordinary  rule:  the  diflSdrence  =  1*0937 
..*6667  =  0*873.    Then  -873 -^  8  >= -1243  is  to  be  added  to 
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•6667,  aud  wo  obtain  '6667  +  -1248  =  «791  km :— similarly 
fwo  of  those  partsi  or  •  1243  x  2  s  *  2486,  deducted  from  1  •  0897 
giTOB  1-0897  -  '2486  ^  -791,  as  before ;  the  ratio  of  which  to 
the  breaking  weight,  as  found  bj  speeial  role  and  experiment,  is 
2-f-'791  =  2*528  to  1*0  instead  of  8  to  1,  as  bj  the  ordinary 
method  of  procednre.  The  eSect  of  this  is  to  add  -791  -r*  6667 
=  1'1866,  or  18*65  per  cent,  to  the  working  load: — taking  a 
beam  whose  breaking  weight  s=  100  tons,  then,  when  strained 
to  ^rd,  the  load  will  not  be  100  ^  8  =  88*88  tons, but  118  65 
•7-8  =  89-55  ton& 

(858.)  The  application  of  these  principles  to  practice  is  rery 
timple ;  for  instance,  the  breaking  weight  of  the  girder.  Fig.  79» 
was  found  in  (851)  to  be  40*  5  tons,  as  calculated  by  the  special 
rule;  then  if  we  adopt  4  ai9  the  factor  of  safety,  the  working 
load  would  be  40*54-4  s^  10*12  tons  by  the  ordinary  course, 
but  by  (856)  we  obtain  10'  12  x  1  *28  s  18  tons  nearly.  If  we 
adopt  8  as  the  Factor,  we  have  40*  5 -r  8  =  18 -5  tons  in  the  usual 
way,  which  by  (357)  becomes  18*5  x  1*1865  =  16  tons,  ^. 

(859.)  '<  Batio  of  Square  to  Boumd  Bar$:'—lt  is  shown  in 
(519)  that  the  theoretical  ratio  of  the  strength  of  square  to 
loimd  bars  of  the  same  dimensions  ia  1*7  to  1*0;  but  this  is 
strictly  true  for  those  cases  only  wh^re  the  tensile  and  com- 
pressive strengths  and  the  corresponding  extensions  and  com- 
pressions are  equal  to  one  another,  and  this,  as  we  have  seen, 
is  not  realised  perfectly  with  any  materials,  except  with  very 
light  strains  (617)r  Under  these  cirpumstances,  experiment 
alone  can  determine  the  real  ratio  for  the  Breaking  wei^t,  &o, 

(860.)  For  cast  iron  we  Lave  the  experiments  of  Mr.  W.  H. 
Barlow,  which  were  made  with  direct  reference  to  this  question : 
the  results  are  given  in  Table  .69.  It  will  be  observed  that  the 
round  bars  were  not  made  of  the  same  linear  dimensions  as  the 
square  ones,  but  rather  of  the  same  sectional  area.  The  object 
of  this  was  possibly  to  avoid  the  complications  due  to  the  size 
€ifi  the  casting,  which,  ^a»  shown  by  (932),  is  very  influential  on 
the  transverse  strength  of  cast  iron.  Thus,  a  bar  2  inches 
square  would  have  the  same  area  as  another  2^  inches  diameter, 
and  presumably  there  would  be  equality  of  strength  so  far  as 
that  is  affected  by  the  size  of  casting. 
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In  the  first  set  of  ei^riments  the  bars  were  aboat  one  square 
inch  in  area :  the  mean  yalne  of  Mt  from  five  sqnare  bfu*s  sr 
2530  lbs.,  and  fiK)m  fire  roond  ones  1697  lbs.,  the  ratio  being 
2530  -4- 1697  -  1*491  to  1«0.  In  the  second  set  the  bars  were 
abont  4  sqnare  inches  in  area:  fonr  sqnare  bars  gave  Mt  = 
2173  lbs.,  and  nine  round  ones  s  1899  lbs.,  the  ratio  being 
2178^1899  =  l-663  to  1-0. 

Table  69.— Of  Expebimbkts  on  the  Rblatitb  Tbaksybrsi  Stbekgth 
of  Squabi  and  Bound  Babs  of  Cast  Ibon,  all  5  feet  long. 

Bin  abovt  One  Square  Iim^  Aret. 


Square  Ben. 

Depth. 

Breadtli. 

Central 
Bmktag 
Weight 

M, 

DlemeCer. 

Central 

Breaktog 

Weight 

M. 

to. 
101 
101 
101 

1-02 
1-00 

to. 
102 
1-025 
102 

1-025 

102 

Ibe. 
505 
505 
561 

588 
583 
Mean 

2427 
2415 
2696 

2498 

2618 

..2580 

to. 
1-145 
1-118 
1-115 

1118 
1-120 

Um. 
519 
505 
449 

449 
449 
Mean 

1729 
1831  ^ 
1620 

1606 

1598 

..1097 

2580  -4- 1697  =  1*491  to  1 ;  Batio  of  square  to  round. 
Bin  eboot  Foor  Square  Indiei  Area. 


1-985 

2020 

8808 

2075 

2-52 

4283 

1888 

1-990 

2015 

8808 

2071 

2-52 

4288 

1388 

201 

2-01 

8448 

2120 

2  52 

4008 

1251 

8-00 

1*99 

8863 

2427 

2-51 

4008 

1266 

•• 

•• 

2-2 

8068 

1441 

•• 

•• 

22 

2988 

1408 

•• 

•• 

2-19 

8888 

1618 

•• 

•• 

2-20 

8228 

1516 

•• 

•• 

2-19 

2088 

1422 

Mean 

..2178 

Mean 

..1399 

2178-4-1399=  1-558 tol;  Batio of aqnaie to loond. 

(361.)  The  mean  ratio  from  the  whole  of  these  ezperimente, 
23  in  number,  is  1*522  to  1*0,  or  nearly  1*5  to  1*0,  instead 
of  1*7  to  1*0,  as  dne  by  theory.  This  may  be  taken,  therefore, 
aa  the  real  ratio  for  cast  iron. 
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IFot  timber  we  have  the  experiments  of  Mr,  P.  Barlow  on 
2-inch  romid  and  square  bars  cut  from  the  same  plank  of 
Christiania  deal  4  feet  long : — there  were  three  round  bars  which 
broke  with  740,  780,  and  796  lbs.  respectively,  the  mean  being 
772  lbs.  Two  square  bars  gave  1125  and  1110  lbs.  respec- 
tivelj,  the  mean  being  1117  lbs.,  and  the  ratio  1117  -^  772 
ss  1*447  to  1*0.  Mr.  Oouch's  experiments  on  round  beams  in 
the  form  of  spars  8^  inches  diameter  give  as  the  ralue  of  Mt  for 

BigaFir.  Bed  Pino  TellowPine  English  Oak 

296  810  272  887  Ibe. 

Bj  Table  66,  the  mean  yalue  of  Mt  for  square  bars  of  the 
same  materials  if 


889  491  446  509  lbs. 

hence  the  ratio  of  the  transverse  strengths  of  square  to  round 
bars  comes  out — 

1-314  1*584  VU  1-51 

The  mean  s  1*512  to  1*0:  Mr.  Barlow's  experiments,  as  we 
have  seen,  gare  1*447  to  1*0. 

(362.)  We  may  therefore  take  1*5  to  1*0  as  the  ratio  of 
square  to  round  beams  of  Timber,  being  the  same  as  found  for 
Cast  iron ;  both  being  for  the  breaking  weights  (854). 

For  wrought  iron,  and  still  more  certainly  for  steel,  whose 
elasticity  is  nearly  perfect,  especially  for  the  moderate  strains 
usually  adopted  as  the  working  load  in  practice,  we  may  admit 
the  theoretical  ratio  1*7  to  1*0. 

(863.)  **  Bottom  of  Bound  Vessels:  Cast  Inmr— The  bottoms 
of  air-vessels  and  the  sides  of  yalTO-boxes  for  pumps,  &C.,  are 
frequently  made  flat  for  reasons  of  necessity  or  convenience, 
although  that  form  is  not  well  adapted  to  bear  the  heavy 
internal  pressure  to  which  they  are  usually  subjected;  the 
calculation  of  the  strength  is  therefore  a  matter  of  some  im- 
portance. We  may  find  the  strength  of  the  whole  bottom  by 
taking  a  portion  of  it,  say  a  strip  in  the  direction  of  a  diameter, 
1  inch  wide,  and  having  found  the  strength  of  that  by  the 
Ordinary  rules  for  beams,  then  multiplying  the  result  by  the 
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Dumber  of  snoh  strips  in  the  wliole  oironmfereiiee  will  give  flie 
strength  of  the  whc^e. 

(3G4.)  Let  Fig.  82  be  a  Teasel  3  feet  internal  diameter  with 
a  plain  flat  bottom  1  inch  thiok : — ^we  hare  then  a  bar  A,  B, 
1  inch  deep,  1  inch  wide,  3  feet  long,  fixed  at  both  ends  and 
loaded  equally  all  orer  bj  the  pressure  of  the  water.  By 
column  5  of  Table  66,  the  inedue  of  Mt  =  2063  lbs.  in  the  centre 
when  the  bar  is  merely  supported  at  the  ends,  but  when  fixed  at 
the  ends  and  loaded  equally  all  over,  as  in  our  case,  the  ratio 
given  by  (431)  is  3,  hence  Mt  becomes  2063  X  3  =t  6189  lbs« 
and  rule  (324)  gives  V  xl  X  6189  ^  3  »  2063  lbs.  spread 
equally  all  over.  Now,  a  circle  36  inches  diameter  has  a  cir« 
cumference  of  113  inches,  and  as  each  of  our  imaginary  beams 
occupies  tvoo  inches,  namely  an  inch  at  each  end,  we  lukve  113 
-7-2  =  56*5  such  beams  in  the  whole  bottom,  and  the  break- 
ing weight  of  the  whole  number  will  be  2063  x  56*5  s 
116560  lbs.  This  load  being  distributed  all  over  an  area  of 
1018  square  inches  gives  116560  -f-  1018  ^  114  lbs.  pressure 
per  square  inch,  or  114  x  2*3  =  262  feet,  the  height  of  the 
column  of  water  which  would  burst  the  yessel.  An  aiiyyessel 
is  exposed  to  more  or  less  violent  shocks  £rom  the  idtemating 
action  of  the  pump,  &c. ;  it  is  therefore  expedient  to  adopt  a 
high  Factor  of  safety  (024)  for  sudi  cases,  say  10,  hence  the  safe 
working  pressure  would  be  262  -f-  10  ==  26*2  feet  of  water. 

(365.)  It  may  be  objected  to  this  method  of  calculation,  that 
we  have  reckoned  on  the  strength  of  the  material  at  the  centre, 
or  where  the  bars  cross  each  other,  twice  over  or  more ;  but  this 
is  not  the  fact.  Taking,  for  instance,  the  two  bars  A,  B,  and 
C,  D,  in  Fig.  82,  at  right  angles  to  each  other,  it  will  be  observed 
that  the  longitudinal  filaments  which  form  the  strength  of  A,  B, 
are  not  at  all  «trained  by  loading  0,  D,  because  the  filaments  of 
the  latter  form  another  series  at  right  angles  to  those  of  the 
former;  and  the  same  reasoning  applies  to  all  the  imaginary 
beams  of  which  the  bottom  is  composed. 

(366.)  '^Bottoms  of  Square  VeswU'* — ^In  applying  this 
method  of  calculation  to  tlie  bottoms  of  square  vessels  some 
modifications  are  necessary.  Let  Fig.  83  be  a  square  vessel 
with  a  bottom  1  inch  thick,  <&c. : — we  have  as  before  an  imaginary 
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h§x  1  iBok  Bqnaie  and  8  toei  long,  with  «  broking  load  of 
2063  Ibfi.  distributed  all  OTor^  and  if  all  the  imaginary  beams  of 
Tirhioh  the  bottom  is  composed  were  allowed  to  deflect  alike,  and 
therefore  to  be  equally  strained,  we  should  haTO  2063  x  36  X 
2  ^  148586  IbB.  as  the  total  breaking  load.  But  it  will  be 
obsenred  that  horn  the  conditions  of  the  case,  this  equality  ot 
strain  is  not  realised,  for  while  the  beams  E,  F,  and  O,  H,  have 
equal  and  great  deflections,  the  beam  I,  J,  will  deflect  Tory  little, 
being  proTented  from  doing  so  by  the  beam  B»  F,  the  fibres  of 
both  beams  being  interlaced  with  one  another.  B  will  be  thus 
seen  that  between  the  edges  where  the  deflection  is  nothing,  to 
the  centre  where  it  is  a  maTimum,  we  have  a  series  of  beams 
with  a  progressiydy  increasing  deflection.  The  mean  deflection 
of  the  whole  series  of  beams  is  Jrds  of  the  maximum  central 
deflection,  hence  the  bottom  will  bear  Jrds  only  of  the  strain 
we  calculated  before,  or  148536  x  2  -4-  3  =  99024  lbs.  distri- 
buted over  an  area  of  86  x  86  s  1296  square  inches,  or  99024 
•7^  1296  =  76  lbs.  per  square  inch.  Hence  the  ratio  of  the 
strength  of  round  to  square  bottoms  is  114-^-76  ss  1*5  to  1*0. 
For  plain  unribbed  flat  bottoms  of  round  and  square  Teasels, 
we  have  the  rules : — 


(367.)  For  Bound  Vessels  p  s  ^  x  148390 
(868.)  ^  „        »  =  l»  X  842780 

(369.)  For  Square  Vessels  p  =  ^  x    99010 
(370.)  „  „        h  =  fx  228720 


In  which  I  =  the  thickness  of  the  plate  in  inches ;  d  =  inside 
diameter  in  inches ;  8  =  side  of  square,  inside,  in  inches ;  p  = 
bursting  pressure  in  pounds  per  square  inch ;  and  h  =  head  of 
water,  bursting  pressure,  in  feet.  Thus,  for  a  vessel  40  inches 
diameter  1^  inch  thick,  rule  (368)  gives  2  •  25  x  342780  -f- 
1600  ss  482  feet  of  water  bursting  pressure,  or  with  Factor  10, 
b:  48*2  feet  working  pressure,  &c.    See  (961). 

(371.)  **  Bibbed  Bottoms." — The  same  reasoning  may  be 
applied  to  a  flat-bottomed  vessel,  wiUi  strengthening  ribs  inside 
or  outside ;  with  cast  iron,  and  an  internal  pressure,  the  ribs 
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Hhould  always  be  inside  for  the  same  reason  tbat  a  X  sectio^ 
girder  should  be  broken  flange  downwards  (342),  the  metal  of 
the  bottom  plate  being  then  brought  into  tension.  With  external 
pressure,  the  ribs  should  be  external  for  the  same  reason. 

Saj,  we  have  a  vessel  8  feet  diameter  with  ribs  cast  inside  as 
in  F^.  84 ;  we  may  take  the  central  port,  or  the  rib  a,  and  its 
proper  share  of  thd  bottom  plate,  namely,  from  &  to  c,  as  thd 
index  of  the  strength  of  the  whole  bottom.  We  have  then  in 
effect,  a  girdeir  of  the  section  given  by  Fig.  85,  3  feet  long,^a^ 
at  ihd  ends,  and  loaded  aU  over.  The  value  of  Mt  for  this  case 
we  found  in  (364)  to  be  6189  lbs.,  and  by  the  method  of  calcu- 
lation explained  in  (342),  we  have  to  odculate  from  the  line 
N,  A,  and  we  have  for  the  vertical  web  4'  x  1  =  16*0;  for 
the  bottom  flange  (5*  —  4')  x  9  =  81,  the  sum  of  the  two 
=  97,  and  rule  (324)  gives  97  x  6189  -r-  3  =  200000  lbs. 
spread  all  over.  The  circle  86  inchjs  diameter  has  a  circum- 
ference of  118  inches,  and  as  each  beam,  like  Fig.  85,  occupies 
18  inches,  namely,  9  inches  at  each  end,  we  have  113  4- 18 
=  6  *  28  of  such  beams  in  the  whole  circumference,  which  will 
bear  collectively  200000  x  6*28  =  1256000  lbs.,  distributed 
over  an  area  of  1018  square  inches,  or  1256000  -7-  1018 
=  1233  lbs.  per  square  inch  bursting  pressure.  With  10  for 
the  Factor  of  safety,  we  obtain  1233  -7-  10  :=  123  lbs.,  or 
123  X  2*8  =  283  feet  of  water,  safe  working  pressure. 

(372.)  As  an  illustration  of  the  effect  of  placing  the  ribs 
injudiciously  outside  instead  of  inside,  we  have  in  Fig.  86  the 
same  girder  as  in  Fig.  85,  but  in  a  reversed  position.  Then 
oilculating  as  before,  but  from  the  line  N.  A.  we  have  for  the 
top  flange  P  x  9  =  9;  forthe  vertical  web  (5'—  P)  X  1  =  24; 
the  sum  of  the  two  s=  9  +  24  =  33,  whereas  in  the  other  posi- 
tion we  had  97.  The  strengths  in  the  two  positions  will  be  in 
the  ratio  of  those  numbers,  and  without  going  through  the  whole 
calculation  again,  we  obtain  for  the  safe  working  pressure  283  x 
33  ^  97  B  96  feet  of  water,  instead  of  283  feet  as  with  internal 
ribs :  the  ratio  being  97  -r-  33  =  2  *  94,  or  nearly  3  to  1  (343). 

(378.)  "  Wrought  Iron  and  flftecZ."— With  very  tough  and  duo- 
tile  materials,  such  as  wrought  iron,  there  is  great  difficulty 
and  uncertainty  in  determining  the  ultimate  or  breaking  weight 
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of  a  bar  loaded  touiSTersely.'  A  beam  of  cast  iron  or  timber 
breaks  more  or  less  suddenly,  and  the  breaking  point  is  thus* 
usually  well  defined ;  but  it  is  impossible  literally  to  break  a 
beam  of  really  good  tongh  wrought  iron,  and  it  is  difficalt  tb^ 
say  with  what  load  the  bar  breaks  down  completely. 

Bat  if  the  deflections  of  a  bar  of  wrought  iron  or  steel  under 
a  series  of  progressiTely  increasing  loads  be  yery  accurately 
observed,  and  the  results  are  plotted  in  a  difl^o^ram,  as  in 
Figs.  210,  211,  it  will  be  found,  as  with  the  tensile  and  com- 
pressive strains  in  the  diagram.  Fig.  215,  that  up  to  a  certain 
point  the  elasticity  is  almost  perfect,  that  is  to  say,  the  deflec** 
tions  are  almost  exactly  proportionate  to  the  loads,  and  the  per- 
manent set  almost  inappreciable  until  that  point  is  reached, 
when  the  deflections  and  sets  (757)  begin  tb  increase  very 
rapidly,  showing  tiiat  the  material  is  beginning  to  be  crippled 
or  OTor-strained.  It  will  also  be  observed  that  beyond  that 
point  the  deflections  and  sets  increase  rapidly  with  time^  even 
with  the  same  load.  Kow,  the  Diagtam,  Fig.  215,  shows  that 
both  for  the  tensile  and  oompressiTe  strains  the  <*  limit  of 
Elasticity ''  is  about  12  or*^  IS  tons  per  square  inch,  and  as, 
by  Table  T,  t&e  mean  ultimate  strength  of  wrought  iron  is 
25 '  7  tons,  it  would  appear  that  the  ''  limit  of  Elasticity  "  is  half 
the  tiltimate  strength  for  25*7 -f- 2-=  12*85  tons  per  square 
inch.  Applying  that'  ratio  to  the  Diagram  for  the  transverse 
strain.  Fig.  210,  we  And  that  the  **  limit  of  Elasticity,"  or  the 
point  beyond  which  the  bar  would  begin  to  be  crippled,  is  about 
1720  lbs.  as  indicated  by  a  *,  with  whidi  Bule  (327)  giver 
(1720  X  6*76)  -T-  (I- 027*  x  6-51)  =  2000  lbs.  as  the  value  of 
Mt  for  the  limit  of  Elastidty :  then^  admitting  that  to  be  half 
the  ultimate  or  breaking-down  strain,  the  value  of  Mt>  for  the 
latter  =  4000  lbs. 

(874.)  This  result  is  confirmed  by  the  experiments  of  Mr.  E. 
Clark  on  three  bars  of  wrought  iron,  1^  inch  square  and  3  feet 
long,  in  Table  70.  With  Mt  =  2000  lbs.,  Rule  (328)  gives 
W  =  li»  X  2000 -r- (3  X  112)  =  20*1  cwi  as  the  "limit  of 
Elasticity,"  and  col.  4  shows  that  up  to  that  point  the  deflections 
are  nearly  in  simple  proportion  to  the  weights,  as  due  with 
perfect  elasticity.    But  as  the  load  is  increased,  the  Ratio  of 
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the  deflectioDB  risee  more  and  more  rapidly,  until  with  41*9 
cwts.  it  becomes  as  much  as  6*145  inches,  or  13*18  times  the 
normal  amount,  showing  that  practically  the  strength  of  the  bar 
is  hToken-dawn^  although  the  bar  may  not  be  actually  broheiu 
With  Mt  =  4000  Ibs^  Rnle  (328)  gives  W  =  1J»  x  4000^ 
(3  X  112)  =  40*2  cwt&  Breaking-down  weight,  which  agrees 
with  the  experimental  results  in  Table  70. 

We  may  therefore  admit  for  plain  bars  of  Wrought-iron 
Mt  =  4000  lbs.  for  the  Breaking-down  weight;  2000  lbs.  for 
the  '<  Limit  of  Elasticity,"  and  1830  lbs.  for  the  safe  Working 
dead  load* 

Tablb  70. — Of  the  Mbak  Deflbctior  of  8  Babs  of  Wbouoht  Ibok, 
1}  inch  square,  3  feet  long  between  supports,  loaded  iu  the  centre. 


Weight. 


cvts. 
8-73 


6 

7' 
8- 


42 
10 
80 


10-48 
1216 
13-85 

(i) 


DeflectlootB 
Inches. 


-035 
050 
070 
085 

no 

130 
145 

(3) 


I 


Weight 


ow*t. 
0349 100  15-5 
0507  -99  17-2 
06641  05  18*9 
08231*08    20*6 


■09801" 
114   1 
130   1 


12 
14 
12 


(3> 


(O 


22-3 
23-9 
25-6 

0) 


Dt'fl  ctlon 
in  Inches. 


165  145 
185  161 
205-177 
225-198 

•250-209 
•290  -2-23 
•355-238 


1-138 
1-150 
1-158 
1-171 


CO 


(8) 


1-200 
1-3(0 
1  492 


Wdgfat 


cwts. 
27-1 
28-7 
80-8 
81*9 

83-9 
87-9 
41-9 


Deflation 
In  Inches. 


I 


•575-2532-273 


•820  -268 
1*250-290 
1*585-298 

2-110-310 
3-230-354 
5  145 -392 

W    I  (8) 


3-06 
4-31 
5-82 

6-81 

912 

13-18 

(♦) 


OalcolatedBresldng-down  weights  40-2  ewt:  *•  Limit  of  EU8acttj''ssaO'lcwk 

(375.)  When  wrought  iron  is  rolled  into  J.,  X,  and  L  section>, 
the  properties  of  the  material  are  somewhat  changed :  it  would 
appear  that  the  maltreatment  experienced  by  being  crushed  into 
these  forms  damages  the  fibrous  texture,  as  proved  by  the  £ftct 
that  it  breaks  shorter  or  more  suddenly  than  plain  rectangular 
sections.  The  trunsverse  etrength  of  such  iron  is  also  consider- 
ably less  than  that  of  plain  bars,  as  shown  by  the  experiments 
in  Table  71,  which  giye  3208  lbs.  as  the  mean  value  of  My. 
All  these  bars  were  loaded  to  their  ultimate  strength;  two  of 
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fhem  were  literftlly  broken^  and  it  will  be  obserred  that  these 
gaye  the  maximam  and  minimum  ralaes  of  Mt^  the  fonaaer  being 
8720  and  the  latter  2750  lbs. ;  the  mean  of  the  two  »  8285  Ibs^ 
or  nearly  the  mean  of  the  six  experiments,  which  was  8208  lbs. 

For  rolled  X  and  X  bars,  plate-iron  girders,  and  tnbnlar 
beams,  we  may  take  the  value  of  Mt  =  8200  lbs.  for  the  break- 
ing-down weight,  1500  lbs.  for  the  **  limit  of  Elasticity  *'  and 
Proof  Strain,  and  1120  lbs.  for  the  safe  working  dead  load. 

It  is  remarkable  that  taking  8200  lbs.  for  the  Ultimate  trans- 
yerse  strength,  the  Bule  (500)  or  (689)  gives  8200  x  18  -?- 
2240  s  25*7  tons  for  the  maximum  ultimate  tensile  strain, 
which  happens  to  be  precisely  the  mean  strength  of  British  bar 
iron  by  Table  1,  Ac 

(876.)  "^  SteeL**— The  transverse  strength  of  steel,  like  that 
of  wrought  iron,  may  be  determined  most  satisfactorily  by  a 
Diagram,  as  in  Fig.  211,  which  shows  that,  up  to  1450  lbs.,  the 
elasticity  is  almost  perfect  Taking  that  as  the  ^  limit  of 
elasticity,"  we  have  5600  lbs.  or  2^  tons  as  the  value  of  Mt) 
with  which  Bule  (828)  becomes  W  =  1*054'  x  5600 -f-  4*5 
B  1457  lbs.,  and  is  indicated  by  a  *  on  the  diagram. 

Then,  for  the  value  of  Mt  ^ot  the  breaking-down  load,  we 
have  the  experiments  of  Mr.  Fairbaim,  in  Table  107,  the  mean 
of  which  s  6668  lbs.,  or  say  8  tons  =  6720  lbs. 

We  may  therefore  take,  as  the  value  of  Mt  &>'  Steel  bars, 
6720  lbs.  or  8  tons  for  the  breaking-down  weight ;  5600  lbs.  or 
2^  tons  for  the  ^'  limit  of  elasticity  "  or  '^  Proof  strain ; "  and 
•ay  8860  lbs.  or  1\  ton  for  the  safe  working  dead  load. 

SPECIAL  BULIS  FOB  WBOUGHT  IBON. 

(877.)  "  WrongM4r(m  ±andT  JBeamt."— The  resistances  of 
wrou^t  iron  to  tensile  and  crushing  strains,  and  the  correspond- 
ing extensions  and  compressions  are  nearly  equal  to  one  another 
up  to  12  or  18  tons  per  square  inch,  as  shown  by  Table  91  and 
Diagram,  Fig.  215.  The  transverse  strength  of  X  bars  might, 
therefore,  be  calculated  by  the  ordinary  rules  in  (828)  or  (510) 
but  for  the  fnct  that  the  great  ductility  of  the  metal  causes  it  to 
have  but  little  stifoess  under  compressive  strains,  so  that  a  thin 
lib  becomes  undulated  or  wrinkled  with  a  strain  very  much  less 
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Table  71,— Of  the  Stbevoth,  Arc,  of 


ThlckncM. 

Depth 
and 

Length. 

Weight 

Calmlaied 
BmiklDg 

Ho. 

in 

Pennanent  Set,  fto. 

Width. 

Top 
Rug*. 

Vertical 
Rib. 

Onitre. 

Wilght 

feet. 

CWtlL 

owta. 

1 

2 

i 

t 

5 

m 

Bent  down 

17-8 

2 

2 

A 

A 

8 

9 

15  inches  Per.Bet 

8-78 

8 

21 

Y 

y 

10 

15 

H  Per.  Set      .. 

15-8 

4 

It 

t 

t 

6 

27 

Broke 

23*2 

6 

} 

10 

14 

Failed  sidewBTS 

13*92 

6 

8 

t 

10 

24 

Broke       ••     ,. 

27-9 

•  • 

#• 

•• 

•• 

•• 

•  • 

•• 

Mean  a 

(0 

W 

(«) 

(0 

( 

(«) 

(T) 

(») 

than  the  cmshiDg  sfcrengUi  of  the  metal.  Thna,  while  as  the 
Diagram  shows,  a  plain  solid  bar  will  bear  abont  18  tons  per 
square  inch ;  a  thin  plate  may  fail  by  wrinkling  with  6  tons  or 
less.  Special  mles,  therefore,  become  necessary  where  a  thin 
plate  or  rib  occurs,  as  in  tubular  beams  of  plate-iron  (405)  and 
in  X  sections,  and  this  arises,  not  because  of  the  inherent  weak- 
ness of  wrought  iron  in  resisting  crushing,  but  from  its  tendency 
to  fail  by  wrinkling. 

Tubular  beams  of  plate-iron  are  frequently  made  of  large 
dimensions,  and  are  extensively  used  for  the  most  important 
Btructures.  The  calculation  of  their  strengtb  on  exact  princi* 
pies  becomes,  therefore,  highly  necessary ;  the  Wrinkling  strain, 
by  which  that  strength  is  potentially  governed,  is  considered 
at  large  (819)  in  Chapter  IX.,  and  the  results  are  applied  to 
such  beams  in  (406),  &o.  But  for  ordinary  J.  and  X  sections, 
it  will  suffice  to  give  Empirical  rules  by  which  the  strength  may 
be  calculated  with  sufficient  precision  for  practical  purposes. 

(878.)  The  best  rule  wo  can  give  is  to  calculate  D*  X  B  from 
the  edge  of  that  part  of  the  section  which  is  subjected  to  iensumf 
or  frx>m  the  bottom  in  the  case  of  a  beam  supported  at  both 
ends  and  loaded  in  the  usual  way.  This,  it  will  be  observed, 
is  just  the  reverse  of  the  mode  of  calculating  Cast-iron  beams 
(841). 

Fig.  87  ia  fhe  section  of  a  beam  (No.  5  in  Table  71)  whiol), 
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m 


1 

^BOUQHT-iRON  T  Beams,  flange  uppermost. 

«r-i_.  ..M 

CilmlAtod 
&ifeL<Md. 

Deflation  wtth 
SafeLoeMl. 

Deflectionpei 

'  Cwt.  for  Bar 
long. 

BjEx- 
pertment. 

BrOd- 

CoUlfoB. 

EIxpCTimcnti 

By 

OaloaUtkm. 

Ko. 

Ibt. 
8237 
3278 
8052 

8720 
3215 
2750 
8208 

W 

cwta. 
5-8 
2-93 
5-3 

7-73 

4-64 
93 

•  • 

(10) 

•263 
•713 
•526 

•251 
•645 
•662 

•  • 

•174 
•441 
•671 

•197 
•548 
•456 

(li) 

•0003776 
•0004752 
•0000933 

•0001506 
•(M>01390 
•0000712 

•  • 

<ia) 

•000240 
•000-294 
•000108 

•000118 
•000118 
•000049 

•  « 

(14) 

1 

2 
8 

4 
6 
6 

•  • 

(0 

with  a  length  of  10  feet  betwoen  bearings,  &iled  with  14  owi  in 
the  centre.  The  flange  being  uppermost,  and  under  oompres- 
sion,  we  must  calculate  from  the  hoUam  of  the  sectiou  or  from 
the  line  N.A.;  then  D*  x  B  becomes  for  the  rib  2^'  Xf  =  1*9; 
and  for  the  top  flange  (2^*  -  2\*)  x  2|  r=  2*  975.  The  sum  of 
the  two  =  1-9  +  2-975  =  4-875,  hence  with  8200  lbs.  for  the 
value  of  Mt9  the  rule  (324)  becomes  4*875  x  3200-4-10  = 
1560  lbs.  breaking  weight :  experiment  gave  14  cwt  or  1568  lb&, 
as  in  coL  6  of  Table  71. 

In  the  reversed  position,  or  flange  downwards,  as  in  Fig.  88, 
we  have  still  to  calculate  from  the  bottom  of  the  section  or  from 
the  line  N.  A.,  and  for  the  bottom  flange  we  have  ^'  X  2^ = 0  *  156 ; 
for  the  vertical  web  (2^'  -  ^')  x  f  =  2-82.  The  sum  of  the 
two  =  2*476,  and  we  obtain  2*476  x  8200  -MO  =  792  lbs. 
breaking  weight,  or  about  half  the  strength  in  the  other  position, 
which  we  calculated  to  be  1560  lbs. 

(379.)  Table  72  gives  the  safe  or  working  load  for  Standard 
sizes  of  wrought-iron  T  beams,  the  application  of  which  is  very 
simple,  Thus,  iaj  that  we  require  the  central  safe  load  for  a 
bar  4  X  4  X  i  inch  thick,  with  a  length  of  12  feet;  the  Table 
gives  156  cwt  for  1  foot  long;  hence  156  -7-  12  =  18  cwt  for 
12  feet  long.    The  deflection  by  the  rules  (697)  for  this  safe 

%    A       till.   *       12«x-0208        „.A  .    ,     -       ,     , 

load  would  be  Sg  = j =  '749  inch:  for  a  load  spread 
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equally  all  oyer  we  should  hare  26  owt.,  and  *  749  x  10  -r  8 
s  *936  inch  deflection,  Ao, 

Again,  say  that  we  require  a  bar  to  cany  20  owt.  in  the  centre 
with  a  length  of  7^  feet: — this  is  equal  to  20  x  7*5  =  150  cwi 
with  a  length  of  1  foot,  for  which  Table  72  gives  3^  X  8^  xiinch, 
or  4  X  4  X  }  inch.  These  are  the  sizes  for  a  dead  load ;  with 
a  moling  or  rolling  load  we  should  require  double  strength,  or 
say  800  cwt.  for  1  foot  long,  and  the  bar  should  then  be,  say 
5  X  5  X  ^  inch. 


Tablb  7d. — Of  the  Transtbbsb  Stbekqth  of  Wbougbt  T  Beams 

1  foot  long,  flange  uppermost. 


TbtokoeM  an  over. 

i 

A 

t 

A 

i 

{ 

1 

SafiB  Load  in  Oentre !  i&Cirti. 

n  X  n 

18 

16 

•  • 

•  • 

•• 

2x2 

25 

80 

85 

•  • 

•• 

2}  X  2} 

40 

49 

57 

65 

•• 

3X8 

72 

85 

07 

•• 

8}  X  8i 

100 

118 

185 

151 

4X4 

188 

156 

178 

200 

5x5 

•• 

248 

285 

822 

»»2 

6X6 

•  • 

•  • 

418 

475 

580 

677 

(880.)  The  strengUi  of  the  bar  4  x  4  X  |  inch  in  the  normal 
position  T  is  given  by  Table  72  at  156  cwt : — ^in  the  reversed 
position  X,  tiie  bottom  flange  would  give  |'  x  4  s  *56;  the 
vertical  web  (4*  —  |*)  x  |  =  5*94 ;  the  sum  of  the  two  s  6*5, 
and  taking  the  value  of  Mt  ^or  safe  load  in  cwts.  (875)  at  9*5, 
we  obtain  6*5  x  9*5  =  62  cwt.  breaking  weight;  henoe  the 
ratio  of  strength  in  the  two  positions  is  156  -r  62  =  2*5  to  I'O^ 
and  this  may  be  taken  as  a  general  ratio  for  all  the  bars  in 
Table  72.  The  variations  in  the  position  of  bar,  distribution  of 
load,  ^.,  are  rather  confusing;  the  following  statement  givea 
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Che  general  BatioB  of  loadsy  and  actual  8a&  loacU  of  a  bar 
^  X  4  X  i)  13  feet  long:— 

Normal  position    T,  dead  load  in  centre     .. 

^  y,  diBtributed  dead  load  .« 

„  T,  EoUing  load        ..      *♦ 

BeTcrsed  position  J^  dead  load  in  centre     •• 

„  X,  distributed  dead  load  •« 

ft  1^  Boiling  load 


•«      •• 


lalloof 

Lotd. 

iMd. 

owls. 

10 

18 

ao 

26 

i 

6-5 

i 

6-2 

1 

10-4 

i 

2-6 

(881.)  <"  WraugU-irm  X  BeaiiM."— The  strength  of  rolled 
beams  with  doable  flanges  may  be  calculated  on  the  same  prin-< 
dples  as  those  of  X  and  T  section.  Figs.  89,  90  are  sections  of 
two  wrought-iron  beams  experimented  upon  by  Mr.  Fairbaim. 
Fig.  89  9unk  with  12,955  lbs.  in  the  centre,  the  length  between 
bearings  being  11  feet  Calculating  £rom  the  bottom  as  before 
(878),  the  reduced  ?alue  of  D*  x  B  becomes  for  the  top  flange 
(7»-  6«)  X  2J  =  82-6 ;  for  the  yertioal  web  (6«  -  •88«)  x  '325 
=  11-7;  and  for  the  bottom  flange,  -88'  X  4  =  0*576.  The 
sum  of  the  whole  =  44*776,  which  with  Mt  =  8200  lbs.  (875) 
and  rule  (824)  becomes  44*776  x  8200-4-11  =  18,026  lbs., 
which  is  i  per  cent  only  in  etccesi  of  12,955  lbs.,  the  experi- 
mental weight 

Fig.  90  Mini  with  18,962  lb&  in  the  centre,  the  length  between 
bearings  being  10  feet  Oalculating  from  the  bottom  as  before, 
the  bottom  flange  gives  * 44'  X  4*8  s  '88;  for  the  rertical  web 
{V  -  •44«)  X  -85  =  17-08;  and  for  the  top  flange  (8«  -  7») 
X  2}  »  41*25.  The  sum  of  the  whole  =  59*16,  with  which 
the  rule  (824)  becomes  59  •  16  x  8200  -MO  :=  18981  lbs.,  which 
is  only  0*17  per  cent  lets  than  18,962  lbs.,  the  experimental 
weight    See  (678)  and  Table  109  for  the  DeflectioD& 

(882.)  These  results  show  not  only  the  accuracy  of  the  method 
of  calculation,  but  also  the  correctness  of  Mt  =  8200  lbs.  derived 
from  T  bars  (875)  as  applied  to  X  sections.  Both  beams  are 
described  as  yielding  by  lateral  flexure  of  the  top  flanges  under 
compression,  although  their  areas  were  much  greater  than  those 
of  tiie  respective  bottom  flanges.    As  shown  in  (445),  with 
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wronghtr-iron  beams,  the  flanges  subjected  to  compression  should 
have  considerable  widths  to  enable  them  to  resist  flexure  laterally, 
and  this  is  especially  necessary  where  the  length  of  the  beam  is 
great 

(383.)  These  rolled  beams  are  now  made  of  large  sizes,  and 
are  deservedly  used  extensively.  In  Table  78  are  given  the 
sizes  of  the  most  useful  sections  supplied  by  various  makers; 
col.  14  gives  the  safe  working  loads  for  beams  1  foot  long 
between  bearings,  from  which  the  load  for  any  length  may  be 
easily  found.  Thus  with  No.  7,  which  is  8f  inches  deep,  the 
safe  dead  load,  with  a  length  of  12  feet,  would  be  706  4- 12  = 
59  c  wt ;  or  for  a  moving  load  29^  cwt  (923).  Again :  say  we  require 
a  beam  to  carry  a  dead  load  of  20  owt.  with  a  length  of  14  feet, 
which  is  equivalent  to  20  X  14  =  280  cwt.  with  a  length  of 
1  foot,  for  which  No.  4,  6^  inches  deep,  279  cwt.  would  be  used. 

The  deflections  may  be  found  by  (674)  and  by  col.  13  in  the 
same  Table : — thus  with  61  cwt.  in  the  centre,  No.  7, 12  feet 
long  would  deflect  -000001486  x  12*  x  61  =  -1514  inch. 
With  20  cwt  in  the  centre.  No.  4,  15  feet  long  deflects 
•000006351  X  15»  X  20  =  -34  inch,  Ac. 

(384.)  «P7ate-tVon  Girders:*  —  The  investigation  of  the 
strength  of  plate-iron  girders  may  be  effected  most  easily  by 
analysis  from  elementary  principles  with  the  known  tensile  and 
crushing  strengths  of  the  material,  in  the  manner  illustrated  for 
plain  rectangular  sections  in  (494).  By  Table  1,  the  mean 
tensile  strength  of  plate-iron  is  21  *  6  tons  per  square  inch ;  and 
by  (201)  the  mean  crushing  strength  s=  19  tons,  the  ratio  being 
as  8  to  7,  which  will  be  the  ratios  of  the  areas  of  the  top  and 
bottom  flanges  also. 

(385.)  Let  Fig.  93  be  the  section  and  Fig.  91  the  elevation  of 
a  girder,  say  20  feet  or  240  inches  long  between  bearings,  loaded 
in  the  centre,  and  30  inches  deep,  but  the  effective  depth,  or  that 
at  the  centres  of  gravity  of  the  top  and  bottom  sections  may  be 
taken  at  29  inches  (449).  This  will  evidently  be  equivalent  to 
a  cantilever  of  half  the  length  or  120  inches,  built  into  a  wall  at 
one  end  and  loaded  at  the  other  with  half  the  central  load,  as 
in  Fig.  92 : — but  it  is  necessary  to  remember  here  that  in  a  beam 
supported  at  both  ends  and  loaded  in  the  centre,  the  lower  part 
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of  the  Beotion  is  snbjecied  to  tension  and  the  upper  part  to  com* 
pression.  In  a  cantileyer  loaded  in  the  nsnul  manner  this  is 
jast  reversed: — to  prevent  oonfosion,  therefore,  we  have  in 
Fig.  92  taken  the  weight  as  acting  upwards  by  means  of  a  pulley, 
thus  eliminating  that  difficulty,  and  restoring  the  normal  condi- 
tions with  a  beam  supported  at  both  ends  and  loaded  in  the 
centre. 

The  top  and  bottom  flanges  in  Fig.  93  occupy  the  position  of 
fulcrum  and  resistance  to  one  another  reciprocally,  the  strength 
may  therefore  be  found  from  one  of  them,  say  the  bottom.  We 
have  first  to  find  the  reduced  or  net  area  of  the  bottom  by  deduct- 
ing the  metal  cut  away  by  the  rivets,  or  by  taking  the  area 
through  the  line  of  rivet-holes : — the  rivets  being  f  inch  diameter, 
the  area  of  the  bottom  plate  =  (12  -  1})  x  }  =  8-06  square 
inches.  If  we  admit  that  the  part  of  the  middle  web  between 
the  two  angle-irons  compensates  for  one  piur  of  rivet-holes 
(which  is  very  nearly  the  foot),  we  shall  have  for  the  area  of 

the  two  angle-irons  (3  +  2^)  -  f \  X  i  X  2  =  4-875  square 

inches.  The  sum  of  the  two  areas  =  8-06  +  4*875  =  12  935, 
say  13  square  inches. 

Then,  the  tensile  strength  of  plate-iron  being  21*6  tons  per 
square  inch  by  Table  1,  the  resistance  of  the  bottom  becomes 
18  X  21*6  =  280*8  tons,  and  the  leverages  being  29  and  129 
inches  respectiyely,  as  in  Fig.  92,  we  haye  at  the  end  of  the 
10-foot  cantilever  280*8  x  29  -4- 120  =  67*86  tons  breaking 
weight,  equivalent  to  67*86  X  2  ^  185*72  tons  in  the  centre  of 
our  beam,  20  feet  long. 

(386.)  It  is  shown  in  (464)  that  the  breaking  weights  of 
gilders  of  similar  or  nearly  similar  sections  are  in  the  ratio  of 
the  respective  areas  of  their  bottom  flanges,  multiplied  by  the 
depth,  and  divided  by  the  length:  hence  we  have  the  rules: — 

(387.)  W=  A  xD    X    C-f-L. 

(388.)  A  =  ( W  X  L)  4-  (D  X  C). 

(389.)  D  =  (W  X  L)  ^  (A  X  C). 

(890.)  0  =  (W  X  L)  -r  (A  X  D). 
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In  which  W  =  the  central  load  on  the  beam  in  Iba^  toifli  fto^ 

dependent  on  the  tenns  of  C. 
A  =  the  area  of  the  bottom  plate  and  angle-irons,  in 

square  inches. 
D  =  the  depth  in  inches  or  feet. 
L  B  the  length  between  supports  in  the  same  terms 

asD. 
0  =  a  constant  adapted  to  the  particular  materials, 
Ac ;  for  plate-iron  Girders  =  75  tons. 
It  will  be  expedient  to  take  for  A,  the  groa$  area  of  the  bottom 
(making  no  deduction  for  rivet-holes),  and  for  D,  the  total  depth 
(449).  The  valae  of  G,  as  adapted  to  those  conditions,  may 
then  be  found  hj  rule  (390),  taking  W  as  found  bj  analysis  or 
as  given  by  direct  experiment* 

(891.)  Thus,  the  gross  area  of  the  bottom  plate  in  Fig.  93, 
a  12  X  i  =  9,  and  of  the  two  angle-irons,  (3  +  2^)  X  i  X  2 
=  5*5 ;  tiie  sum  being  9  +  5*5  =  14' 5  square  inchea  Then, 
the  breaking  weight  W  as  found  in  (385)  being  185*72  tons, 
rule  (390)  gives  0  =  (135  72  x  240) -r- (14 -5  x  30)  =  74-89, 
say  75. 

The  rule  (387),  namely  W  =  A  x  D  X  O-J- L,  is  the  well- 
known  one  given  by  Mr.  Fairbaim,  the  value  of  C  as  given  by 
him  being  80  for  tubular  beams,  and  75  for  ordinary  flanged 
girders,  the  latter  having  precisely  the  value  that  we  found  for 
it  by  an  altogether  independent  method. 

(392.)  We  must  now  consider  the  top  flange,  in  connection 
with  which  there  are  three  points  requiring  attention : — 1st,  to 
soe  that  the  carea  is  sufficient  to  bear  the  crushing  strain :— 2Qd» 
that  the  hrecuUh  is  sufficient  to  prevent  failure  by  lateral  flexure-; 
and  8rd,  that  the  thieknes$  is  sufficient  to  prevent ''  Wrinkling.*' 
The  area  which  has  to  snstain  the  crushing  strain  is  really 
the  gro8$  area,  for  the  material  lost  at  the  rivet-holes  is  replaced 
by  Uie  rivets,  which  being  put  in  and  riveted  while  hot,  effeo- 
toally  fill  the  bolus  and  rebtore  the  section  to  its  normal  condition 
so  far  as  compressive  strains  are  concerned : — but  of  course  this 
d(»es  not  apply  to  tensile  strains,  for  which  the  net  area  at  the 
rivet-holes  must  be  taken* 
(393.)  The  gross  area  of  the  top  plate  =  12  X  }  =  9  square 
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iDoheB,  and  of  the  two  angle-irons  (3  +  2^)  x  i  X  2  s  5*5 ;  the 
total  being  9  +5*5  =  14*5  square  inches,  which  having  to 
sustain  the  same  maTimnm  total  strain  as  we  found  for  the 
bottom  (885),  namely  280*8  tons,  gives  280*8-4-  U*5  =  19*37 
tons  per  square  inch,  which  is  rather  in  excess  of  19  tons  (384), 
but  is  near  enough  for  the  purpose. 

(394.)  Then,  for  resistance  to  lateral  flexure.  It  is  shown  in 
(448)  that  this  tendency  is  a  maximum  with  jrds  of  the  length 
of  the  top  plate,  the  compression  strain  being  then  ^rd  of 
the  maximum  central  strain: — thus  in  our  case,  this  length 
s  20  X  }  «  13*8  feet,  and  the  strain  280*8  X^-  93*6  tons. 
We  have,  therefore,  virtually  a  pillar  12  x  f  inches  forced  to 
bend  in  the  direction  of  its  larger  dimensions,  vnth  a  length  of 
13*8  feet,  and  we  can  calculate  the  strength  by  the  Bule  (234), 
F  =  Mp  X  <•••  X  6-rL*,or72*74  x  640  x  75 -^176*9  =  197*3 
tons,  or  more  than  double  93*6  tons,  the  real  strain;  there  is 
therefore  no  danger  of  failure  by  lateral  flexure. 

(395.)  As  to  Wrinkling,  it  is  shown  in  (317)  that  in  a  girder, 
$  plate  }  inch  thick  supported  at  one  side  will  not  fail  by 
wrinkling  with  less  than  19  tons  per  square  inch,  unless  the 
plate  projects  5f  inches  or  more  beyond  the  support : — in  our 
case  the  projection  beyond  the  angle-iron  =  2|  inches  onlyi 
hence  there  is  no  fear  of  failure  by  wrinkling. 


Tablb  74. — Of  the  1*5  Poweb  of  Nukbbbs.    Wrinkling  Strains 
due  to  given  Ratios  of  Thickness  ia  Wrooght-iron  PUtes. 


Ko. 

1*  Power. 

No. 

H  Power. 

Na 

U  Power. 

ThickneM. 

StnOn. 

TbickiMM. 

Strain. 

ThiokneMb 

Smdo. 

1 

1*0 

11 

S6'5 

21 

96 

2 

2  8 

12 

41-5 

22 

103 

8 

5*2 

13 

46*8 

28 

110 

4 

8*0 

14 

62*0 

24 

117 

6 

11-2 

15 

58*1 

25 

125 

6 

14*7 

16 

64*0 

26 

182 

7 

18-5 

17 

70*0 

27 

140 

8 

22*6 

18 

76-8 

28 

148 

9 

270 

19 

82-8 

29 

156 

10 

81*6 

20 

89*5 

80 

164 
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These  calciilations  apply  to  the  centre  of  the  girder,  where 
the  Groshing,  lateral,  and  Wrinkling  strains  are  a  maximum. 

(896.)  «  Oraduatian  of  S^raiiw."— It  is  shown  hj  (682)  and 
Fig.  155,  that  in  a  girder  with  a  central  load  the  Tensile  and 
Compressive  strains  in  the  hottom  and  top  flanges  respectiyelj, 
are  a  maximum  at  the  centre,  and  diminish  in  arithmetical  ratio 
towards  the  end  supports,  where  they  become  niL  Thus 
dividing  the  half-length  into  say  8  equal  parts,  and  reckoning 
from  one  support,  we  have  Tensile  and  Gompressive  strains  in 
the  ratio : — 

Old  845  678 

and  if  the  top  and  bottom  flanges  are  parallel  or  of  uniform 
breadth  throughout  their  length,  the  thickness  to  resist  the 
tensile  strains  would  follow  the  same  ratio,  and  if  1-inch  thick 
is  necessary  at  the  centre,  we  should  have  a  graduated  series  of 
thicknesses  of: — 

i^il  ill  li        1-inch. 

But  to  resist  the  Wrinkling  strains,  the  resistance  following  the 
1|  power  of  the  thickness  (815),  as  given  by  Table  74,  the 
thickness  will  follow  the  1^  root  of  the  strain  as  given  by 
Table  75 ;  hence  in  our  case  we  must  have  thicknesses  in  the 
ratio: — 

0       1      1*587      208      2*52      2*924      8802      8*66      4*0 

and  if  in  order  to  resist  the  maximum  Wrinkling  strain  at  the 
centre,  a  thickness  of  1  inch  is  requiredi  we  should  have  a 
graduated  series  of  thicknesses  ss 

0      *25      *893      '52        *68        -781        -826        '915      1-inob. 

(897.)  In  this  way  we  might  And  the  point  between  the 
centre  and  the  end  of  a  girder  where  any  given  thickness  would 
be  required  to  avoid  wrinkling,  supposing  that  the  thickness  at 
the  centre  is  sufficient  as  calculated  by  the  Bules  (807),  our 
present  purpose  being  only  to  graduate  the  thicknesses  from 
centre  to  end,  so  tliat  the  tendency  to  feul  by  Wrinkling  shall 
})e  the  same  throughout. 

Thus  for  a  girder  20  feet  long,  the  half-length  =  10  feet; 
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Tablb  75.— Of  the  1*6  Boor  of  NuMBun.    Thidroess  of  Wrought 
iron  Plates  to  snetaio  Wrinkling  Stndn  in  certain  Batioe. 


No. 

URoot. 

No. 

URont. 

No. 

HRot. 

8tr«in. 

TliickiMiS. 

Strain. 

Thidcneit. 

Strmln. 

ThkluMM. 

1 

1000 

11 

4*946 

21 

7*612 

2 

1-587 

12 

5-246 

22 

7-852 

8 

2*080 

18 

5*529 

23 

8*088 

4 

2-520 

14 

5-808 

24 

8*820 

5 

2-924 

15 

6082 

25 

8*550 

6 

8-302 

16 

6*350 

26 

8*777 

7 

8*660 

17 

6*611 

27 

8-995 

8 

4*000 

18 

6*868 

28 

9*226 

9 

4-827 

19 

7*120 

29 

9*441 

10 

4-640 

20 

7*868 

80 

9*661 

then  the  thickness  in  the  centre  being  1  inch,  or  eight  Sths, 
it  may  be  reduced  by  Table  74  to  7,  or  {  inch,  at  a  distance  of 
10  X  18*5-7-22*6  =  8*2  feet  from  the  end:  to  6,  or  f  inch, 
at  10  X  14-7-^22*6  =  6*5  feet:  to  5,  or  |  inch, at  10  x  11*2 
-4-22*6  =  5  feet:  to  4,  or  ^  inch,  at  10  x  8-^22*6  =  3-5 
feet:  to  3,  or  |  inch,  at  10  x  5*2  -i-  22*6  =  2*8  feet:  to  2,  or 
^  inch,  at  10  x  2*8 -r  22*6  =  1*24  foot:  and  to  1,  or  ^  inch« 
at  10  X  1  -^  22*6  s  '45  foot:  the  lengths  and  thicknesses  for 
equal  Wrinkling  strains  in  Fig.  94  have  been  obtained  in  this 
way :  Fig.  95  gives  the  thicknesses  for  equal  crushing  strains. 

We  have  thus  given  the  theoretical  thicknesses  for  flie  sake  of 
illustrating  principles;  but  it  is  not  expedient  in  practice  to 
use  very  thin  plates  of  wrought  iron:  where  a  stmctuio  is 
exposed  to  the  weather  more  particularly,  a  considerable  extra 
thickness  is  necessary  to  allow  for  the  wear  of  the  elements, 
irrespective  of  that  required  to  bear  the  strain :  in  most  cases 
plates  less  than  ^  inch  thick  would  not  be  used  in  practice. 

(398.)  The  central  thickness  might  be  maintained  thiouglH 
out,  and  the  strength  duly  proportioned  to  the  strain  by  reducing 
the  breadth  of  the  flanges  from  the  centre  to  the  ends ;  bat  this 
would  increase  the  labour  and  cost  of  manufacture  to  an  extent 
that  would  not  be  compensated  by  the  saving  of  material.  The 
question  of  labour  in  making,  militates  very  much  against  any 
method  by  which  the  strength  may  be  graduated  in  proportion 
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to  the  Btrain,  and  for  that  reaaon  the  top  and  bottom  flanges  of 
small  gilders  are  usually  made  of  the  same  breadth  and  thick- 
ifeees  throughout  the  length.  With  large  girders,  howeyer,  the 
value  of  the  material  bears  a  higher  proportion  to  the  labour, 
and  it  is  commercially  expedient  to  economise  by  graduating 
the  sizes  in  proportion  to  the  strains. 

(399.)  It  is  shown  in  (315)  that  the  resistance  to  Wrinkling 
pey  wquare  inch  is  proportional  to  the  square-root  of  the  thick- 
ness or  V<,  but  the  total  resistance  in  the  ratio  j^t  x  t,  or  f'\ 
Therefore  the  thickness  necessary  to  bear  a  given  wrinkling 
strain  will  be  proportional  to  the  1^  root  of  the  strain :  Tables 
74  and  75  have  been  thus  calculated. 

(400.)  <"  Vertical  Weh.'*— The  continuoas  plate  forming  the 
web  of  a  girder  is  in  effect  an  infinite  number  of  diagonals 
similar  to  those  of  a  lattice  girder,  but  at  infinitely  varied 
angles,  and  the  strains  may  be  the  most  easily  investigated  by 
that  analogy. 

The  first  thing  to  be  noted  is  that,  whatever  the  amount  of 
the  strain,  it  is  equal  throughout  the  length  of  the  beam,  when 
that  beam  is  loaded  in  the  centre  only ;  the  thickness  of  the  web 
will  therefore  be  the  same  throughout  for  that  particular  case, 
see  Figs.  136, 155.  For  this  reason  the  strain  on  the  diagonals 
is  small  compared  with  that  on  the  centre  of  the  top  and  bottom 
flanges,  whidi  suffer  an  accumulated  strain  from  leverage,  see 
Fig.  155. 

It  should  also  be  noted  that  the  web  alone  acts  directly  in 
sustaining  the  vertical  load,  because  whatever  the  strains  on 
the  top  and  bottom  flanges  may  be,  they  act  horizontally  only, 
and  must  act  indirectly  and  through  the  medium  of  the  vertical 
web  in  sustaining  the  vertical  load. 

(401.)  Taking  a  cantilever,  Fig.  96,  and  allowing  the  safe 
working  strain  to  be  5  tons  per  square  inch,  the  bar  A  carrying 
10  tons  must  be  10  -4-  5  =:  2  square  inches  area  ;  the  diagonal 
B  carrying  a  tensile  strain  of  14  tons  must  be  14  -7-  5  =  2*8 
square  inches  area,  and  if  say  ^  inch  thick,  then  2*8  -r  ^  =  5*6 
inches  wide  measured  at  right  angles  to  its  own  axis,  or  in  the 
direction  0,  K  Now,  if  we  would  convert  the  lattice  bracing 
into  a  continuoas  web,  this  may  be  done  by  increasing  the 
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widih  of  all  the  diagonalfl  erpoaed  to  tenaon  F,  O,  H,  B,  uniS 
iheff  med^  B  for  instance  being  increased  to  a,  6,  and  H,  to  c,  <!, 
dec,  Ao«  The  croBS-sectional  aiea  being  as  before  2*8  square 
inches,  and  the  width  a,  6  or  e,  d  17  inches,  the  thickness 
comes  out  2  *  8  -r  17  =  *  165  inch  only,  which  is  very  light : 
in  practice  it  would  perhaps  be  made  ^  inch.  In  some  large 
flanged  girders  made  by  Mr.  Fairbaim  for  a  Railway  bridge,  in 
which  the  length  was  57  feet  and  depth  4^  feet,  top  flange 
18  X  it  ^^  the  vertical  web  was  only  f  inch  thick  in  the 
centre,  and  -j^  inch  at  tiie  ends  (442),  but  it  was  stiffened  by 
coTcr^plates  at  all  the  vertical  joints,  which  were  8  feet  apart : 
see  also  (927)  and  Fig.  133. 

(402.)  But  we  have  also  to  consider  the  compressive  strains 
in  the  web  of  a  plate  girder,  for  it  will  be  observed  in  the 
lattioe  girders,  that  while  a  set  of  diagonals  is  subjected  to 
tensile  strains,  another  and  similar  set  bear  crushing  strains 
and  require  to  be  of  X  section  (439)  to  resist  flexure.  It  might 
appear  at  first  sight  that  a  similar  fonn  would  be  necessary  in 
the  web  of  a  plate-iron  girder,  which  as  a  very  thin  plate  seems 
wholly  unfit  to  bear  a  heavy  crushing  strain.  But  if^  as  in 
Figs.  141, 155,  the  diagonals  under  compression  were  connected 
by  a  rivet  with  those  under  tens'le  strain  by  which  they  are 
crossed,  the  effect  would  be  to  reduce  the  length  of  the  pillar 
to  half^  and  as  by  (147)  the  strength  of  a  pillar  is  inversely 
proportioned  to  the  square  of  the  length,  the  strength  would  in 
that  case  be  quadrupled.  Now  in  a  web,  we  have  an  infinite 
number  of  imaginary  diagonals  under  compression,  which  are 
critssed  by  another  similar  series  under  tensile  strain,  and  the 
two  sets  being  in  effect  interlaced  and  interlocked  with  one 
another,  the  length  of  those  under  compression  is  reduced  in- 
definitely, so  that  flexure  or  wrinkling  is  impossible  even  with 
a  very  thin  plate.  We  have  therefore  to  consider  the  crushing 
strength  of  the  material  only,  and  as  the  tensile  and  crushing 
strengths  of  wrought  iron  are  practically  equal  to  one  another, 
it  follows  that  the  area  which  we  found  necessary  to  bear  the 
former  (401)  will  suffice  for  the  latter  also. 

(403.)  "  Shearing  Strain  at  Endi  of  Girders.**— It  is  absolutely 
lentitJ  that  plate-iron  girders  with  a  vertical  web  of  the  usual 
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ligbt  deecriptiony  ahonld  be  well  strengthened  at  the  ends  where 
they  rest  on  the  snpports,  to  prevent  the  web  doubling  up  under 
ihe  vertieal  strain  tiiat  it  has  to  bear,  which  in  most  cases,  e^en 
when  the  load  is  a  central  one,  amounts  to  half  that  load  plus 
half  the  weight  of  the  girder  itselfl  With  a  rolling  load  it 
may  be  a  great  deal  more  than  that;  in  extreme  cases  it  may 
amount  to  the  whole  load  plus  half  the  weight  of  the  girder. 
Obviously  the  thin  plate  of  the  web,  say  ^  or  eyen  f ,  inch  thick, 
Fig.  183,  could  not  bear  such  a  strain  as  that,  without  the 
assistance  of  vertical,  angle,  or  X  irons;  usually  the  latter 
would  be  used,  and  as  they  are  strained  as  pillars,  their  siaes 
may  be  determined  by  the  rules  in  (584),  or  by  Tables  81,  82. 

(404.)  Table  76  gives  the  strength  and  stiffiiess  for  certain 
standard  sizes  of  plate*iron  girders  whose  proportions  are  given 
by  Figs.  101  to  107.  Thus,  the  girder  Fig.  108,  2  feet  deep, 
and  say  30  feet  long,  will  break  by  coL  5  with  1665  -i-  30  =  55^  5 
tons  in  the  centre : — the  safe  dead  load  may  be  taken  at  55  •  5  -r  3 
s  18*5  tons,  with  which  the  deflection  by  coL  6  and  (674) 
would  be  18-5  X  -0000007606  x  27000  =  -38  inch.  With  a 
load  equally  distributed  all  over  the  length,  we  should  have 
had  18*5  x  2  s  37  tons,  with  which  the  central  deflection 
would  have  been  by  coL  7  in  the  Table,  37  x  '0000004754  x 
27000=  -475  inch,  Ao. 

Tablb  76.-^f  the  Stbbngth  and  Stiffnbsb  of  Waouanx  Pl^T>- 
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(406.)  «  Tuhvlar  Beams  of  PJdte-iVoii."— The  strengih  of  i 
tubular  beam,  like  that  of  eyery  other  structure,  is  limited  by 
the  strength  of  tbe  weakest  part,  this  is  usually  the  top  plate, 
which  is  due  to  the  tendency  of  thin  plates  of  wrought  iron  to 
fail  by  Wrinkling  with  a  strain  much  less  than  the  crushing  or 
tensile  strength  of  the  material.  This,  however,  is  not  uniyer- 
sally  the  case,  but  depends  on  the  relative  dimensions  of  the  plates 
subjected  to  tension  and  compression  respectively.  For  example, 
with  No«  1  in  Table  77,  the  top  and  bottom  plates  have  equal 
areas,  they  have  also  the  same  total  load  to  carry,  oocupying  as 
they  do  the  position  of  fulcrum  and  resistance  to  one  another 
reciprocally*  But  while  the  bottom  will  bear  21*6  tons  per 
square  inch,  namely,  the  mean  tensile  strength  oi plate  iron  by 
Table  1,  the  top  will  fetil  by  wrinkling  with  18*88  tons  per 
square  inch,  as  shown  by  col.  (11):  the  top  being  the  weakest 
will  therefore  govern  the  strength  of  the  beam.  The  thickness 
of  the  bottom  plate  might  in  this  case  be  reduced  to  f  x  18*88 
-r  21  •  6  r=  •  6882,  or  about  f  inch,  without  at  all  affecting  the 
strength  of  the  beam : — both  plates  would  then  be  strained  in 
proportion  to  their  strength,  and  they  should  fail  simultaneously. 
In  this  case,  in  order  to  obtain  equality  of  strength,  the  areas 
would  be  in  the  ratio  of  6  to  5. 

(406.)  The  rule  for  calculating  the  strength  of  tubular  plate*- 
iron  beams  must  therefore  include  the  Wrinlding  Strain  as  a 
fundamental  datum ;  the  ordinary  rules  in  which  that  is  neglected 
will  not  give  correct  results.  TLus,  taking  as  an  example  Na  1 
in  Table  77,  whose  section  is  given  by  Fig.  97,  taking  the  value 
of  Mt  from  col.  6  of  Table  66  at  1*786  ton,  Eule  (880)  gives 
^  ^  (85-75'  X  24)  -  (^•25»  x  22-6)  ^  ^,^^^  ^  ^^^ 

85*75 
tons;  but  by  col.  8,  the  experimental  breaking  weight  =  118 
tons ;  hence  214  -r  118  =  1  *  81,  or  an  error  of  +  31  per  cent. 

(407.)  A  still  more  striking  illustration  would  be  given  by 
the  very  thin  tube  No.  12  in  Table  77,  with  which  Bule  (880) 
gi^e,  W  =  (24'  X  15)  -  (23^752'  x  U>752)  ^  ^.^^^  ^  3^ 

ss  24  tons;  but  by  coL  8,  the  experimental  breaking  weight 
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ss  5'78  tons  only ;  henoe  the  calculated  strength  is  24-f>5*78 
a  4*  16  times  the  experimental  1 

These  illastrations  show  that  the  ordinary  mles  whieh  may 
be  correct  for  yery  thick  plates  which  fail  by  crushing  are  not 
correct  for  thin  plates  which  fail  by  Wrinkling, 

(408.)  The  first  step  as  a  basis  for  correct  calculation  of  the 
strength  of  Tabular  Beams  with  thin  plates  is  to  find  the 
Wrinkling  strain  by  the  Biile  (308),  which  for  beams  is  W^  = 

Vhr  -r  K  X  10^  or  in  our  case  Vi  -r-  24  X  104,  or 
^^125  X  104,  or  -17677  x  104  =  18-88  tons  per  square 
inch,  coL  11.  EEaving  thus  found  the  wrinkling  strain,  and 
supposing  it  not  to  exceed  the  crushing  strength,  or  19  tons  per 
square  inch  (201),  we  may  take  it  as  equiyalent  to/ in  rule  (514), 
and  may  then  calculate  the  strength  of  the  beam  by  that  rule» 
which  in  our  case  becomes 

18-88  X  2  X  {36-76»  x  24)  -(34-25»  x  22-5} 

^  =  3x540x35-75 

=  122-5  tons,  as  in  ooL  9  of  Table  77 :  experiment  gaye  118 
tons  as  incoL8;  hence  122-5-^118  =  1  -  038,  showing  an  error 
of  +  3-8  per  cent,  only,  as  in  col.  10. 

To  vary  the  illustration  we  may  take  No.  11  in  the  same 
Table,  whose  section  is  giyen  by  Fig.  98.  For  the  wrinkling 
strain,  the  rule  (308)  becomes  V272  -f-  16-5  X  104,  or 
V -01755  X  104,  or  -1325  x  104  =  13-78  tons  per  square 
indi.     Taking  this  as  the  Talue  of  /  the  rule  (514)  becomes 

13-78  X  2  X  {23-75»  x  15-5)  -  (23-206"  x  14-956} 

^"^  8  X  360  X  23-75 

=  22-29  tons:  experiment  gave  23*33  tons,  col.  8;  henco 
22  29  -r  23-33  =  -956,  giving  1-0  -  -956  =  -044,  or  an  error 
of  "  4*4  per  cent.,  as  in  col.  10. 

(409.)  In  some  cases  the  wrinkling  strain  comes  out  in  excess 
of  the  absolute  crushing  strength  of  the  material,  or  19  tons  per 
square  inch  (201),  and  of  course-  it  will  not  be  realised,  the 
metal  failing  by  crushing;  in  that  case  we  must  take/s  19 
tons,  whatever  ihe  wrinkling  strain  may  be.  An  illustration  of 
this  is  given  by  Nos.  7  and  8,  in  Table  77,  whose  section  is 
shown  by  Fig.  99 :— the  rule  (308)  gives  Ww  =  V  75 -4- 16*  J 
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X  104  =  22*17  tons  per  square  iooh,  m  in  eoL  (11),  which 
being  in  excess  of  19  tons  most  be  rejected  ;  and  the  valae  of/ 
being  taken  as  19  tons,  the  rule  (514)  becomes 

19  X  2  X  (24'  X  16-5)  -  (22-75*  x  16^ 

w  =s  i^ — '  =  58*2  tons- 

^  3x360x24  -oo^wns. 

experiment  gave  54*82  tons;  hence  58*2-^-54*82  «  1*062, 
or  an  error  ai  +  6*2  per  cent,  ool.  14.  Obrioaslji,  if  we  had 
erroneously  taken  22*17  tons,  the  error  would  hare  been 
prreater,  the  breaking  weight  coming  out  58*2x22*17-^19:^ 
67*91  tons,  giving  67*91 -r  54*82  :=  1  * 24,  or  an  error  of  +  24 
per  oent. 

(410.)  The  ooU.  9,  10,  and  11  of  Table  77  have  been  calcu- 
lated throughout  in  this  manner; — ^the  general  result  shown 
by  ool.  10  is  that  the  sum  of  all  the  -f-  errors  is  58,  and  of  all 
the  ~  errors  is  83,  giving  on  16  experiments  an  average  of 
(83  -  58)-r  16  =r  1*56,  or  -  l*56perceni(9:>9).  The  greatest 
-f-  error  =  21*8,  and  the  greatest  —  error  =  24*9  per  cent, 
thus  showing  nearly  an  equal  range ;  and  it  should  be  observed 
that  this  range  of  error  may  possibly  be  dae  to  the  natural 
variation  in  the  strength  of  the  material : —thus,  taking  the 
simple  tensile  strength  of  plate-iron,  where,  of  course,  the  case 
is  not  complicated  by  possible  errors  in  the  rules,  &&,  Table  149 
shows  a  variation  of  +  29  and  —  33  per  cent  respectively. 
The  range  in  the  dimensions  of  the  beams  is  worthy  of  note ; 
the  extreme  sizes,  or  those  of  Nos.  2  and  16,  are  shown  by 
Fig.  100,  and  it  should  be  observed  that  the  errors  of  these  two 
sizes  differ  but  little  from  one  another,  being  —  0*7  per  cent 
in  the  largest  (No.  2),  and  —  2  *  3  per  cent  in  the  smallest 
(No.  16). 

Extreme  cases  are  crucial  tests  of  the  accuracy  of  any  rules, 
and,  as  we  have  seen,  the  rules  we  have  given  bear  that  test 
satisfactorily.  Other  illustrations  of  the  different  methods  of 
calculating  tubular  beams  are  given  in  (320),  (412),  (414). 

(411.)  It  is  shown  in  (405)  that  there  should  be  equality  in 
the  resistances  to  tension  by  iJie  bottom,  and  compression  by  the 
top  of  a  tubnlar  beam,  and  failing  that,  the  weaker  of  the  two 
will  govern  the  strength  of  the  beam.  With  most  of  the  beams 
in  Table  77  the  top  is  the  weaker,  bat  in  Nos.  7,  8,  9,  and  10 
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the  bottom  is  the  weaker,  and  shmdd  goTom  Qie  Btrength,  but 
does  not  seem  to  do  so.  For  example,  with  No.  9,  the  wrinkling 
strain  by  col.  11  is  17*32  tons  per  square  inch,  hence  17*82 
X  *437  X  15*75  s  119*2  tons,  the  resistance  to  compression: 
Imt  for  the  bottom  we  have  21*6  x  '272  x  16-76  =  92-54 
tons  only  as  the  resistance  to  tension.  In  ooL  9  the  strength, 
as  calculated  from  the  resistance  of  the  top  plate,  came  oat 
33-74  tons,  the  error  being  only  +0-3  per  cent.  Now,  if  the 
Btrength  were  dominated  by  the  bottom,  as  it  should  be  by 
theory,  we  obtain  33-74  x  92*54 -h  119-2  =  26-19  tons  only, 
an  error  of  —  22  - 15  per  cent. 

(412.)  We  should  obtain  a  result  but  little  more  satisfactory 
by  analysis,  as  in  (320),  (414),  &e.  Let  Fig.  108  be  a  section 
of  the  same  beam  reduced  to  the  case  of  a  cantilever  of  half  the 
'  length  fixed  at  one  end  and  loaded  at  the  other,  as  in  Fig.  92 ; 
the  Neotral  axis  will  not  now  be  in  the  centre,  but  must  occupy 
such  a  position  as  to  give  equality  to  the  resistances  of  tension 
and  compression.  We  must  assnme  a  position  for  it  by  judg- 
ment, say  as  in  the  fignre:  for  the  top  plate  we  found  in  (411) 
119 '2  tons,  which  with  leverages  of  11-182  and  180  inches 
gives  at  W,  119*2  x  11-162 -r  180  ±=  7-406  tons.  Then, for 
the  sides  above  the  line  N.  A.,  the  maximum  strain  at  the  top 
being  17*32  tons  per  square  inch^  that  at  o  becomes  17-32 
X  5-482-4-11*4  =  8-329  tons.  The  area  is  10-963  x*644 
=  5*964  square  inches;  hence  5-964  X  8*329  X  5*482  x  | 
-4-  180  =  2*016  tons  at  W,  which  added  to  the  resistance  of 
the  top  plate  =  7*406  +  2-016  =  9*422  tons  at  W  due  to 
compression  alone. 

Similarly,  for  the  part  of  the  section  subjected  to  Tension,  we 
have  for  the  bottom  plate  15 -75  x-272  x  21-6  X  12-214 -r  180 
c=  6-277  tons  at  W:— the  strain  at |>  is  21  •  6  X  6-039-^12*35 
s=  10-56  tons  per  square  inch,  which  at  W  becomes  10  56 
X-272  X  2  X  6-039  x  1-833  4-180  =  3-106  tons,  giving  for 
tbe  total  resistance  to  tension  6 - 277  +  8-106  =  9*380  tons  at  W, 
which  is  rather  less  than  9*422  tons  due  to  compression,  but  is 
sufficiently  near  equality  for  our  purpose.  The  sum  of  Tension 
and  Compression  is  thus  9-380  +  9-422  »  18-802  tons  at  W, 
and  is  equivalent  to  18-802  X  2  =  37-6  tons  in  the  centre  of 
the  beam  80  feet  long:  experiment  gave  83*64  tons,  hence  the 
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«iToriB87-6^B3-64  =  iai7,  or  +  11*7  percent.    By  rule 
(514)  the  error  was  +  0*8  per  cent,  only,  as  in  ooL  10. 

It  is  remarkable  that  tiie  role  (514)  by  which  ooL  9  of 
Table  77  is  calcalated,  which  is  based  on  the  yalne  of/,  or  the 
wrinkling  strain,  and  is  therefore  not  strictly  applicable  to 
beams  which  fail  by  tension,  gives,  notwithstanding,  more 
correct  resists  than  any  other  mle : — the  mean  error  of  Nos. 
7,  8,  9,  and  10  being  +  2*7  per  cent  only. 

(413.)  **Later€d  Strength  of  Beams** — In  designing  large 
Tnbnlar  beams  for  bridges,  &c.,  it  is  necessary  to  consider  and 
provide  for  the  lateral  strain  due  to  the  wind  impinging  on  the 
side.  The  proportions  of  beams  are  nsnally  fixed  principally 
with  a  view  to  sustain  a  vertical  load,  and  as  a  result  they  are 
frequently  very  weak  in  resisting  horizontal  pressure.  With 
a  view  to  obtahi  experimental  information  on  this  matter,  Mr. 
Hodgkinson  took  the  beam,  No^  10  in  Table  77,  which  in  the 
ordinary  vertical  position  broke  with  a  load  of  26*6  tons,  and 
laid  it  on  its  side,  as  in  Fig.  109,  when  it  failed  with  14*8  tons. 
In  this  Abnormal  position  the  whole  of  the  conditions  are  so 
greatly  changed,  that  the  strength  cannot  be  calculated  cor^ 
rectly  by  the  usual  rule  (408)  for  Tubular  beams ;  thus,  in  our 
case,  the  wrinkling  strain  of  the  thin  top  plate  by  the  rule  in 

(808)  becomes  V*125  +  24  x  104  =  7*605  tons  per  square 
inch,  and  the  rule  (514)  then  gives 

7*505  X  2  X  {l63  X  24)  -  (15-76»  x  23*384} 

^  "^  8^"360  X  16 

=  6*028  tons  only,  whereas  experiment  gave  14*8  tons.  But 
this  rule  supposes  that  the  beam  is  of  the  ordinary  form  and 
proportions,  and  that  the  strength  is  governed  by  the  resistance 
to  wrinkling  or  by/,  but  obviously  the  proportions  might  be 
such  that  the  wrinkling  strain  would  have  little  effect  on  the 
strength :  for  example,  in  Fig.  110  the  great  strength  of  the  side 
plates  a,  h  render  them  independent  of  the  weak  top  plate  e,  and 
the  rule  which  takes  thai  plate  as  the  exponent  of  ^e  strength 
of  the  whole  beam  must  necessarily  fail  to  give  correct  results. 
(414.)  The  best  method  of  calculating  a  beam  of  such  an 
abnormal  form  is  by  analysis,  as  illustrated  in  (320)  and  (412). 
We  shall  assume  that  the  top  plate  ftdls  by  wrinkling  with 
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7  *  5  tons  per  Bquare  inbh,  as  oaloulated  in  (418),  and  the  bottom 
plate  with  21  *  6  tons,  namely,  the  mean  tensile  strength  of  plate 
iron  as  given  hy  Table  1.  Then,  for  the  sides,  we  shall  take 
the  maximum  tensile  strain  at  T  and  compressive  strain  at  0 
=  21*6  tons  per  square  inch  also :  the  neutral  axis  N.  A.  must 
then  be  placed  in  snch  a  position  as  to  give  equality  to  the 
tensile  and  compressive  forces  above  and  below  that  line  respec- 
tively, and  this  position  mnst  be  fixed  tentatively  by  judgment. 
Eeducing  the  case  for  the  purposes  of  calculation  to  the  equiva- 
lent one  of  a  cantilever  of  half  the  length  of  the  beam  fixed 
at  one  end  and  loaded  at  the  other,  as  in  Fig.  92,  we  obtain 
the  dimensions  given  by  Fig.  109.  For  the  top  plate  we  obtain 
24  X  -125  x7*5  =  22'5tons,  which  with  the  leverageBof9-438 
and  180  inches  respectively,  gives  22  *  5  X  9  -  438  -f- 180  =:  1  *  18 
ton  at  W.  Then  for  that  part  of  the  side  plates  above  N.  A., 
the  strain  of  21*6  tons  at  C  becomes  21*6  x  4*688 -f- 9*6 
s  10*66  tons  per  square  inch  at  o,  and  their  area  being  9*875 
X  *616  s=  5*775  square  inches,  with  leverages  of  4*688  and 
180  inches  gives  at  W,  5*775  x  J  X  4*688  -r- 180  =  2*137 
tons  for  the  sides  (495),  making  with  that  due  to  the  top 
1*18  +  2*187  =  3*317  tons  from  compression  alone. 

Similarly,  for  the  bottom  plate,  we  obtain  24  x  *  125  x  21  *  6 
=  6*48  tons,  which  at  W  becomes  6*48  x  6*438  -7-  180  a 
2-318  tons.  The  strain  at  p  becomes  21*6  x  3*188  -r-  6*5 
=  10*59  tons  per  square  inch.  Then  6*375  x  *616  x  i 
X  10*59  -r- 180  =  -982  ton  at  Wdue  to  the  sides, maldng  a  total 
of  2  *  318  +  *  982  =  3*3  tons  due  to  Tension,  or  nearly  the  same 
as  3  *  317  tons  due  to  compression.  The  sum  of  the  two  =  3*8 
+  8*317  =  6*617  tons  at  the  end  of  the  cantilever  15  feet 
long,  equivalent  to  6*617  X  2  =  13*234  tons  in  the  centre  of 
the  beam  30  feet  long,  as  in  our  case:  experiment  gave  14-8 
tons,  hence  18*234-^-14*8=  -9255,  showing  an  error  of 
1*0  —  *9255  =  -0745,  or  —  7*45  per  cent.  Considering  the 
extremely  abnormal  form  of  the  beam  in  this  position,  the  error 
is  perhaps  not  greater  than  might  be  expected. 

(415.)  It  will  be  observed  that  we  have  taken  the  full  tensile 
strength  of  the  iron,  allowing  nothing  for  rivet-holes,  &c.,  on 
the  supposition  that  there  is  no  joint  at  or  near  the  .centre  at 
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the  beam,  where  the  strain  is  a  maTinniiTi.  With  small  and 
moderate-sized  beams  this  condition  is  easily  obtained^  and  with 
large  structures  we  can  secnre  practically  the  same  condition 
by  the  adoption  of  chain-riveting  (36). 

FOBM  FOB   SQUAIi  STBENOTH  THBOUGHOITr. 

(416.)  We  have  so  far  assumed  that  the  beams  were  parallel, 
or  of  the  same  cross-section  from  end  to  end,  and  the  load  in 
the  centre.  In  that  case,  the  transverse  strain  is  a  TnaxiTnnm 
at  the  centre,  and  it  progressively  reduced  towards  the  two 
supports,  where  it  becomes  nothing ;  to  obtain  throughout  the 
length  an  equality  between  the  strain  and  the  strength  it  would 
be  necessary  to  reduce  the  section  of  the  beam  toward  each 
prop  in  proportion  to  the  strain  at  each  point,  which  can  be 
effected  by  regulating  the  depths  alone,  ^hile  the  breadths 
remain  constant;  or,  on  the  other  hand,  by  graduating  the 
breadths,  while  the  depths  remain  constant ;  or  by  a  combina* 
tion  of  the  two  methods. 

Let  Fig.  Ill  be  a  beam  16  feet  long,  with  a  centi-al  weight 
of  10,  producing  of  course  a  strain  of  5  on  each  prop :  this  is 
obviously  equivalent  to  a  cantilever,  Fig.  112,  of  half  the  length 
built  into  a  wall  at  one  end,  and  loaded  with  a  weight  of  5  at 
the  other  end.  The  ratio  of  the  strains  at  each  point  along  the 
beam  is  evidently  proportional  to  the  leverage  with  which  the 
load  of  5  acts,  or  to  the  distances  1, 2, 8  . .  8,  &c.,  as  in  Fig.  112, 
and  as  by  (324)  the  strength  is  proportional  to  D*  when  the 
breadth  is  constant,  it  follows  that  D  must  be  proportional  to  the 
square-roots  of  the  respective  strains,  or  V 1  =  1 ;  V  2"=  1  *  41 ; 
^3  =  1*73,  «S^.,  as  in  the  figure,  these  being  of  course  propor- 
tional, and  not  real  dimensions.  We  have  thus  obtained  the 
depths  in  Fig.  112,  which  again  give  us  the  depths  in  Fig.  111. 

(417.)  If  we  would  obtain  a  uniform  depth  throughout,  as  in 
Fig.  113,  which  again  is  equivalent  to  the  cantilever.  Fig.  114, 
the  breadths  being  simply  proportional  to  the  strains,  the  lattor 
being  1,  2,  8,  4,  &c.,  the  former  will  be  1,  2,  8,  4,  &o^  also,  and 
we  thus  obtain  Fig.  116,  giving  a  uniform  taper  from  the  wall 
to  the  end,  and  from  this  we  obtain  Fig.  116. 
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To  ftpply  ihiB  to  practice  ^-^Let  Fig.  117  be  ft  beftm  of  Beech^ 
14  inches  deep,  10  inches  wide,  and  12  feet  long,  which  bj  mle 
(324)  with  Mt  =  585  by  Table  66  breaks  with  14*  x  10  x  558 
-7- 12  =  91140  lbs.  in  the  centre^  The  square  of  the  depth  at 
each  point  being  proporticmal  to  the  distance  of  that  point  firom 
the  nearest  prop  as  shown  by  (416),  and  that  at  6  feet  being 
14  inches,  we  have  14^  -r-  6  =  3  *  27,  a  constant,  which  multi- 
plied by  the  distance  of  each  point,  will  give  the  square  of  the 
depth  at  that  point,  thus: — 

At  A  we  get  32-7  X  6  or  196-0^  =  1400  faiehes. 

B  y,  32-7  X  5  „  1630V  =  12-76  4 

O  n  32-7x4  „  1310V  =  11-44  „ 

D  ,,  32-7  x  3  „    98-9V  =    9-9  ^ 

E  ^  32-7x2  „    65-4V=    81  „ 

F  „  32-7  X  1  „    32-7V  =    57  „ 

G  „  32*7  X  0  „      0-OV  a    00  ,, 

We  thus  obtain  the  depths  in  Fig.  117,  the  breadth  being  lO 
inches  throaghoat  If,  on  the  other  hand,  We  maintain  the 
depth  at  14  inches  throoghont,  the  breadth  would  taper  off 
uniformly  firom  10  inches  at  the  centre  to  nothing  at  the  props, 
as  in  Fig.  116. 

(418.)  It  may  seem  anomalous  that  the  size  at  the  end  should 
be  noihingi  whereas  a  strain  of  45,570  Ibs^  or  half  the  central 
weight,  has  to  be  borne  by  it;  but  we  have  been  considering 
the  iranweru  strain  only,  whidi  is  really  ntZ  at  O ;  the  strain 
of  45,570  lbs.  is  a  $hearing  or  cross-strain^  and  must  be  provided 
for,  but  is  a  matter  quite  foreign  to  the  proper  subject  of  this 
chapter  (123) ;  see  (403). 

(419.)  ^  Load  out  of  Centre.*' — ^Having  thus  found  the  forms 
of  beams  with  a  single  central  load,  we  may  proceed  to  consider 
1st,  the  effect  of  a  single  load  out  of  the  centre ;  and  2nd,  of 
two  or  more  loads  variously  distributed.  In  order  to  give  pre- 
cision to  the  investigation  we  will  take  a  case,  say  that  of  ft 
beam  of  Beech  12  inches  square  and  16  feet  long ;  taking  the 
value  of  Mt  from  ool.  6  of  Table  66  at  *25  ton,  the  rule  (324) 
gives  for  a  central  load  12^  X  12  X  '  25 -r  16  »  27  tons  breaking 
weight,  as  in  Fig.  118. 
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The  central  bzeaking  weight  being  thus  found,  we  require 
let,  the  extent  to  which  that  same  weight  would  strain  the 
parallel  beam  if  placed  at  a  given  point  out  of  the  centre,  and 
2nd,  the  breaking  weight  at  any  other  point  in  the  same  parallel 
beam. 

(420.)  A  weight  placed  anywhere  on  a  beam  divides  the  whole 
length  into  two  imaginary  lengths — equal  if  in  the  centre,  un- 
equal if  elsewhere — and  when  the  weight  is  constant  the  strain 
produced  by  it  at  each  point  is  proportional  to  the  product  of 
those  two  imaginary  lengths,  and  will  be  found  to  be  a  maximum 
when  the  load  is  in  the  centre.  Thus  in  Fig.  118,  with  27  tons 
in  the  centre  the  beam  is  divided  into  two  equal  8-foot  lengths, 
the  product  of  which  is  8  X  8  =  64;  now  if  that  load  of 
27  tons  is  removed  to  4  feet  from  one  prop,  therefore  12  feet 
from  the  other,  as  in  Fig.  119,  the  product  becomes  4  x  12  =  48, 
and  the  beam  is  strained  at  A  to  ^ths  only  of  the  breaking 
weight  at  that  point.  Hence  the  breaking  weight  there  would 
be  27  X  64  -i-  48  =  36  tons.  Calculating  in  this  way  we  have 
obtained  the  ratios  in  coL  4  of  Table  104  and  in  curve  0  of 
Fig.  218,  which  g^ve  the  equivalent  load  out  of  the  centre 
corresponding  to  a  central  load  of  1  *  000, 

(421.)  For  general  purposes  perhaps  a  simpler  course  is  to 
find  a  reduced  or  imaginary  length  to  be  used  in  the  ordinary 
rules  in  (323),  &c.,  instead  of  the  actual  length  as  for  central 
loads.  For  this  purpose : — divide  the  product  of  the  two  lengths 
into  which  the  load  divides  the  beam  by  ^th  the  actual  length, 
and  the  quotient  is  the  reduced  length  to  be  used  in  calculation. 
Thus  in  Fig.  119  we  have  4  x  12  -^  (16  -r-  4)  =  12  feet :— then 
with  this  reduced  length,  the  rule  W=<Px6xMt-t-L 
becomes  in  our  case  12'  x  12  x  *25  4- 12  =  36  tons,  as  before. 
The  same  result  would  have  been  found  by  using  the  ratios 
64  to  48  as  in  (420) ;  for  16  x  48  -r-  64  =  12  feet,  the  reduced 
length,  Ac 

(422.)  The  contour  of  the  beam  in  elevation  may  now  be 
found  as  in  (417),  the  breadth  being  12  inches  throughout,  by 
making  the  square  of  the  depth  proportional  to  the  distance 
from  the  props,  bat  so  that  the  depth  at  A  shall  be  12  inches. 
Thus  from  A  to  £  we  hive  four  divisions: — then  12'  -r  4  ss'M 
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18  »  eonstaiit  which  moltiplidd  by  the  distanoe  of  eaoh  pdnt  E, 
D,  0,  B,  A  from  A  in  Fig.  120  will  give  the  Bqoare  of  the 
depth  at  that  point. 

ThuB  at  E  we  hare  86  x  4  or  144^  =  12     inohea 

D       „       86x  8  „  108V  =s  10*4      ^ 

0  n  36  X  2  ,,  72V  -  8*5  « 
B  „  36  X  1  „  86V »  6*0  „ 
A       „       86  X  0  „      0V=    0*0      M 

Similarly  from  E  to  Q  we  haTO  12  diTiaions,  hence  12'  -f- 12 
s  12  is  a  constant  which  multiplied  by  the  distances  of  the 
points  F,  Q,  &0.,  &o^  from  Q  will  give  tibe  sqnare  of  the  depth 
at  each  point  frrom  E  to  Q* 

Urns  at  E  we  have  12  x  12  or  144V  =  12     inohea 

F  n  12x11  „  182V  =  11-5  t> 

G  n  12  X  10  „  120V  =  110      . 

H  „  12  X    9  „  108V  =  10-4  n 

1  «  12  X  8  M  96V  =  9*8  ^ 
J  w  12  X  7  „  84V  =  9*2  „ 
K  „  12  X  6  M  72V  >=  8*5  » 
L  ^  12  X  6  „  60V  =  7*7  „ 
M  ^  12  X  4  „  48V  s  6*9  ^  . 
N  „  12  X  3  „  86V  =  6*0  ^ 
O  „  12x  2„  24V=  4*9  „ 
P  „  12  X  1  „  12V  =  3*5  „ 
Q  ,.  12  X    0  ^      OV  =   00  „ 

We  hare  thus  found  the  depth  at  eyery  foot  in  the  length  of 
the  beam;  for  ordinary  purposes  a  smaller  number  of  points 
would  have  sufficed,  at  least  between  E  and  Q,  but  we  luive  a 
special  purpose  in  view  presently  for  which  we  require  the 
depth  at  numerous  points. 

(428.)  "  Effect  of  Two  or  more  Loads.'* — ^We  may  now  proceed 
,to  consider  the  effect  on  the  form  of  a  beam,  of  two  or  more 
loads  variously  distributed.  We  will  take  the  case  of  Fig.  122, 
where  we  have  two  weights  each  of  86  tons,  both  being  4  feet 
from  one  prop  and  12  feet  from  the  other,  and  we  will  take  it 
£rst  as  composed  of  two  similar  beams,  as  in  Figs.  120,  12L 
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Obfiously  Fig.  121  is  the  ooanterpart  of  Fig.  120,  Mid  if  we 
imagine  those  two  heams  placed  side  by  side,  as  in  Fig.  122,  we 
should  have  a  compound  beam  that  would  fulfil  the  given  con- 
ditions. Now  in  the  beam  Fig.  122,  the  depth  squared  multi- 
plied by  the  breadth,  must  at  each  and  every  point  be  equal  to 
the  9um  of  the  depths  squared  multiplied  by  the  breadths  of 
the  corresponding  points  in  the  two  beams  Fig.  122,  which  are 
given  by  Figs.  120,  121.  The  breadths  of  all  the  beams  we  are 
considering  being  alike,  or  12  inches,  we  may  elimiuate  h  and 
shall  deal  only  with  d^.  Then,  the  square  of  the  depth  at  (  in 
Fig.  122  must  be  equal  to  the  sum  of  the  squares  of  the  depths 
at  B  in  Fig.  120  and  at  P  in  Fig.  121,  or  6*  +  8-5*  =  48-26, 

and  j/WW=  6-95  inches,  the  depth  at  (  in  Fig.  122. 

(424.)  Calculating  in  this  way  we  obtain  the  depths  at  eadi 
foot  of  length  as  follows : — 

Inches. 


(B«  +P«Vor(  6-0«+   3 

(D«  +  N«)V  n  (10'4»  +  6 
(E«  +  M«)V  n  a2-0«  +  6 
(F«  +L«)V„(n-5«+    7 

(G«  +  K«v  „aio«+  8 

(H«  +  J«  )V  «  (10-4«  +   9 

(J«  +  H«)V  H  (  9-2«  +  10 

(L«  +F«)Vh(7'7«  +  11 
(M«  +  B«)V  «(«•»• +  12 
(N«+D«V,*(6-0«+10 

(0«  +o«)V  ,•(*•»•+  « 

(P«+B«V„(8-6«+   6 


5*)^:=   6*95  at  6  in  Fig.  122. 

9«)V=    9-81  c 

0«)V  =  12-00  d  „ 

9^V  =  18-85  e  ^ 

7«)V  =  18-85  /  „ 

6«)V  =  18-85  g  „ 

2«V  =  13-85  A  n 

8«)V  =  18-85  <  „ 

4«)V  =  13-85  i  „ 

0«)V  =  13-85  il  ^ 

5«)V  =  18-85  /  , 

OOV  =  18-85  m  , 

4«)V  =  12-00  II  ,p 

5«V=    9-81  •  » 

0«)V=    6-95  j»  M 

0«)V=    0-00  g  „ 


It  will  be  observed  that  between  the  points  e  and  m  the  beam 
is  a  parallel  one,  and  it  is  curious  to  see  how  this  is  brought 
about  by  the  fact  that  the  sum  of  the  squares  of  the  depths  at 
the  corresponding  points  in  the  two  parabolas  in  Figs.  120, 121 
ia  constant  btftueen  those  points. 
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(425.)  The  analytical  method  of  inTestigatioii  and  calonlatioii 
adopted  in  the  above  may  be  laborions,  but  it  has  two  great 
advantages:  1st,  it  oovers  and  includes  all  possible  cases,  of 
any  number  of  weights,  and  any  method  or  order  of  distribution, 
for  obviously  it  is  only  necessary  to  calculate  the  fbrm  and 
dimensions  of  beam  for  each  weight  independently,  and  then 
combine  them  in  the  manner  we  have  illustrated ;  2nd,  this 
method  has  the  great  advantage  of  allowing  every  step  in  the 
process  of  calculation  to  be  seen  by  the  operator,  and  the 
rationale  to  be  understood. 

We  have  applied  the  method  of  finding  the  theoretical  forma 
to  timber  beams  for  convenience  of  illustration :  for  that  material 
the  parallel  form  would  almost  always  be  adopted  in  practice 
from  motives  of  economy  of  labour,  &c  ;  the  saving  of  material 
which  would  accrae  from  the  adoption  of  the  theoretical  form 
would  not  compensate  for  the  labour  and  trouble  required  to 
obtain  it.  With  cast-  and  wrought^iron  beams  the  case  is 
different. 

(426.)  "  Equally  Distributed  Load."— When  a  load  is  spread 
equally  all  over  the  length  of  a  beam,  it  may  be  considered  as 
divided  into  any  given  number  of  equal  weights  equidistant 
from  each  other,  and  then  the  effect  of  each  of  these  imaginary 
weights  may  be  separately  calculated.  Let  Fig.  125  be  a  beam 
16  feet  long  supported  at  each  end,  with  its  load  divided  into 
16  parts : — this  is  equivalent  to  a  cantilever,  Fig.  126,  of  half 
the  length  with  its  load  divided  into  8  parts,  and  we  require 
1st  the  depth  at  the  points  a,  b,  c,  &c.,  the  breadth  being  con- 
stant, and  2nd  we  require  to  find  the  breadth  at  those  points 
when  the  depth  is  constant.  For  this  purpose  we  must  suppose 
each  weight  to  rest  on  the  beam  at  two  points,  each  giving  half 
the  strain  due  to  the  whole  weight.  Thus  the  weight  W  being 
1  *  0  will  g^ve  a  pressure  of  ^  at  a  and  ^  at  6 ;  then  the  weight  to 
being  also  1  *  0  will  give  ^  at  &,  and  ^  at  e,  &o, ;  the  oombined 
effect  of  W,  and  lo  at  &  is  therefore  ^  +  |^  =  1  *  0. 

(427.)  The  transverse  strain  at  every  point  may  now  ba 
calculated ;  thus  the  strain  at  5  is  that  due  to  the  weight  of  ^ 
acting  with  a  leverage  of  1  *  0,  or  ^  x  1  =  0 '  5,  which  is  the 
ratio  of  the  breadth  at  that  point  when  the  deptii  is  constanlT; 
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bat  if  the  breadth  is  constant,  we  haye  VO'5  =  *707,  whiob  is 
the  rtUio  of  the  depth  at  that  point.  Again  at  e  we  have  a 
weight  of  ^  with  leverage  of  2,  plus  the  weight  B  or  1*0 
with  a  leverage  of  I'O  or  (^  X  2)  -f  (1  x  1)  =  2,  which  is  the 
ratio  of  the  breadth  at  that  point  when  the  depth  is  constant ; 

but  if  the  breadth  is  constant,  then  V2  =  1  *  414  is  the  ratio  of 
the  depth  at  c:  again  at  d,  we  have  (^  x  3)  +  (1  X  2)  +  (1  X 1) 
=  4*5,  the  ratio  of  breadth  when  the  depth  is  constant,  and 

\^4'5  =  2*12,  the  ratio  of  the  depth  when  the  breadth  is 
constant,  &c.     Calcnlating  in  this  way  we  find  that  at 

abode/ghk 

where  the  depth  is  Qonstant,  the  breadths  should  be  in  the 
ratios  Fig.  129,  or 
'   0*0       0*5        20        4*5        8  0      12*5      18  0      24*5       32 

but  when  the  breadth  of  the  beam  is  constant  throughout  its 
length,  then  the  depths  should  be  in  the  ratios  Fig.  127,  or 

00      0*707     1*414      212     2*83      3-53      4*24      4*95     5*65 

It  will  be  observed  that  when  the  depth  of  the  beam  is  con- 
stant, the  breadths  are  in  the  ratio  1,  4,  9,  16,  &c.,  or  as  the 
squares  of  the  distances  from  the  end  of  the  beam,  as  in 
Fig.  128.  But  when  the  breadth  is  constant,  the  depths  follow 
the  simple  arithmetical  ratio  1,  2,  3,  4,  &c.,  and  the  profile  of 
the  beam  is  then  a  triangle,  as  in  Fig.  127.  Applying  this  to  a 
b^am  supported  at  each  end  and  with  the  load  equally  distri- 
buted, then,  when  the  depth  is  constant,  the  breadths  are  as 
given  by  Fig.  129,  but  when  the  breadth  is  constant,  the  profile 
is  that  of  two  triangles  united  at  the  ba  se,  as  at  a;  a;  in  Fig.  127. 
The  proportions  of  depths  to  b'eadtbs  may  be  varied  to  any 
extent  so  long  nB  cP  X  h  follow  the  ratio  of  the  middle  line 
above,  or  0  *  5,  2  •  0,  4  •  5,  &c, 

(428.)  *«  Farm,  as  governed  by  TasUy  dc'* — The  forms  of 
beams  which  we  have  thus  obtained,  although  theoretically 
correct  for  the  transverse  strains,  are  not  such  as  to  satisfy  the 
requirements  of  taste,  moreover,  they  do  not  provide  for  the 
shearing  strain  at  the  ends  (403)  nor  for  a  fair  area  of  bearings 
ftt  the  supports  so  as  to  spread  over  a  large  surface  the  insistent 
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weight  whioh  otherwise  would  crash  the  material, — stone,-* 
brick,  ftc,  on  which  the  beam  rests.  To  meet  these  require- 
ments, the  theoretical  forms  may  be  modified  at  pleasure,  care 
being  taken,  however,  ihat  the  sizes  demanded  by  theory  aro 
not  curtailed  by  the  linos  lequired  by  taste,  oonyenience,  or 
other  considerations.  Thus  Fig.  117  might  be  modified  to 
Fig.  130,  in  which  the  length  is  increased  by  the  supplementary 
pieces  m,  n,  the  amount  of  which  must  be  fixed  by  judgment  so 
as  to  give  a  good  bearing.  The  two  semi-parabolafi  o,  p,  <&c., 
are  the  same  as  in  Fig.  117,  and  the  curve  r,  «,  <  is  an  ellipsis 
which  is  perhaps  the  most  beautiful  of  simple  curves,  and  may 
be  easily  described  by  taking  a  piece  of  paper  with  a  perfectly 
straight  edge  P,  making  the  distance  a,  5,  equal  to  8,  Y,  and 
5,  c,  equal  to  U,  V ;  then  passing  it  over  the  latter  so  that  b 
and  c  are  always  in  contact  with  the  major  and  minor  axes  of 
the  ellipse  respectively,  and  makii)g  dots  with  a  pencil  or  needle 
point  at  &,  5,  <&c,  a  sufficient  number  of  guide-dots  is  obtained, 
through  which  the  perfect  ellipse  inay  be  drawn  by  a  French 
curve,  &c. 

(429.)  The  same  principles  may  be  applied  to  find  the  section 
at  different  points  in  the  length  of  X  girders,  whose  profile  has 
been  determined  by  taste  or  convenience.  Let  Fig.  131  be  a 
girder  16  feet  between  bearings,  resting  18  inches  on  the  wall 
at  each  end,  30  inches  deep  in  the  centre,  whose  section  there 
is  given  at  A,  and  the  load  being  a  central  one,  or  by  the  Pillar 
£.  The  strength  at  the  centre  (350),  or  the  reduced  value  of 
d'  X  6,  is  for  the  top  flange  2*  X  8  =  32 .  for  the  vertical 
web  (28«  -  2*)  X  1^  =  1170 :  and  for  the  bottom  flange 
(80*  -  28?)  X  18  =  2088  :— altogether  82  +  1170  -f-  2088 
=  3290.  Dividing  the  extreme  half-length  of  the  girder  into 
four  pai-ts,  we  can  now  determine  the  strength,  or  d*  x  6  at 
each  point  B,  0,  D,  that  at  A  being  8290  on  the  principles 
explained  in  (423)  and  by  Fig.  122.  Thas,  at  D  it  will  be 
8290  -^  4  =  822 ;  at  C,  3290  -^  2  =  1645 ;  and  at  B,  3290 
X  3  -7-  4  =  2467.  The  depth  of  the  girder  at  those  points 
having  been  predetermined  by  Fig.  131,  we  have  now  to  find 
the  breadths  of  the  bottom  flange  necessary  to  give  the  required 
strength,  that  of  the  top  flange  being  maintained  at  8  inchos 
throughout.    Thus,  at  B,  the  de^th  being  25  incheo,  we  La?e: 
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top  flange,  2«  X  8  =  32;  vertical  web  (23*  -  2«)  x  1^  =  787 ; 
or  82  +  787  =  819  together ;  and  as  we  require  2467  at  that 
point,  the  bottom  flange  must  yield  2467  ~  819  =  1648,  and  as 
the  depth  there  squared  is  25'  —  23'  =  96,  the  breadth  of  the 
bottom  flange  must  be  1648-^-96  =  17*1  inches.  Similarly, 
at  0  we  have:  top  flange,  2'  x  8  =  82 ;  vertical  web  (19*  -  2') 
X  H  =  535 ;  or  32  +  535  =  567  together ;  hence  the  bottom 
flange  must  yield  1645  —  567  =  1078,  and  the  depth  squared 
being  21'  -  19'  =  80,  the  width  must  be  1078  -r  80  =  13^ 
inches.  Finally,  at  D  we  have  for  the  top  flange  and  vertical 
web  (2'  X  8)  +  (16«  -  2']  x  U)  =  410,  and  as  we  require 
822,  the  bottom  flange  must  yield  822  -  410  =  412,  and  the 
depth  squared  being  18'  »  16'  =  68,  the  width  must  be 
412  ^  68  =  6  *  06  inches,  &o. 

In  many  cases  the  form  of  the  bottom  flange  as  thus  found 
would  need  modification  to  meet  the  requirements  of  taste,  care 
of  course  being  taken  that  the  calculated  sizes  are  not  curtailed 
(428). 

(430.)  "  Effed  of  Modes  of  Fixing  and  Loading.**— There  are 
ihi«e  principal  methods  of  fixing  beams : — 1st,  when  supported 
at  the  two  ends;  2nd,  when  fixed,  or  built  into  walls  at  the  two 
ends ;  and,  3rd,  when  fixed  or  built  into  a  wall  at  one  end  only, 
the  other  end  being  free,  aiid  the  beam  then  becomes  a  cantilever. 

With  each  of  these  modes  of  fixing  beams  there  are  two 
principal  methods  of  arranging  the  load,  namely,  1st,  a  single 
weight  in  the  centre  of  beams  that  are  fixed  or  supported  at  the 
two  ends;  and,  2nd,  when  the  load  is  distributed  equally  all 
over  the  length.  Similarly,  with  a  cantilever,  the  load  may 
be,  1st,  a  single  one  at  the  remote  end,  and,  2nd,  it  may  be 
equally  distributed  all  over  the  length. 

(431.)  The  ratios  of  the  loads  in  these  various  cases  are  as 

follow : —  Ratio 

of  Loads. 

Supported  at  two  ends,  and  loaded  in  the  centre      ..  1*0 

Supported  at  two  ends,  load  spread  equally  all  over  2  0 

Fixed  at  two  ends,  and  loaded  in  the  centre ..  ..  1*5 

Fixed  at  two  ends,  load  spread  equally  all  over       ..  8*0 

Fixed  at  one  end,  and  loaded  at  the  other    ..  ..  0*25 

Fixed  at  one  end,  load  spread  equally  all  over        ..  0*50 

B  9 
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Of  course  the  distribution  of  the  load  may  be  varied  endlessly ; 
in  (419),  &€.,  the  whole  matter  is  folly  investigated,  and  the 
effect  on  the  sizes  and  forms  of  beams  is  considered  in  detail  on 
a  principle  that  admits  of  universal  application. 

The  ratios  given  above  are  easily  applied  in  practice: — Say 
that  we  require  the  depth  of  a  cantilever  of  Biga  Fir,  projecting 
5  feet  from  the  wall,  to  carry  safely  a  load  of  1900  lbs.  distri- 
buted all  over,  the  thickness  being  8  inches.  We  find  first 
from  the  ratio  0  *  50  given  above  that  1900  lbs.  equally  distri- 
buted over  a  cantilever  is  equivalent  to  1900  -7-  *  5  =  8800  lbs. 
in  the  centre  of  a  similar  beam  of  the  same  length  supported  at 
the  two  ends  as  in  the  rules  in  (828),  and  the  value  of  Mt  for 
safe  load  being  for  Biga  Fir,  78  lbs.  by  col.  8  of  Table  67,  the 

Txiled=  V{Wx  L)-i-(MTX  5}  becomes  in  our  case  |3800  X  6) 
-^(78  X  8|^  =  9  inches,  the  depth  required,  &a 
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(482.)  The  investigation  of  the  strains  on  the  several  parts 
of  lattice  girders  is  an  interesting  study  on  its  own  account, 
and  is  also  instructive  as  illustrating  the  internal  strains  in 
girders  of  other  kinds,  where  the  phenomena  are  often  very 
obscure.  In  lattice  girders  the  tensile  and  compressive  strains 
are  confined  to  certain  definite  lines  formed  by  the  different 
members  of  the  structure,  and  this  fact  enables  us  to  estimate 
the  force,  direction,  and  resultants  of  those  strains  with  a  facility 
and  precision  not  attainable  with  giirders  of  other  kinds. 

The  forms  of  lattice  girders  are  so  very  variable,  that  in  most 
cases  the  strains  on  the  various  parts  must  be  found  by  analysis 
and  reasoning  rather  than  by  set  rules ;  but  for  the  main  question 
of  the  Load  which  can  be  borne,  the  Bules  for  Plate^iron 
Girders  in  (386),  &c.,  will  equally  apply  to  Lattice  Girders. 

(433.)  Let  A,  B,  G,  Fig.  134,  be  a  tiiangular  frame  loaded 
with  a  weight  W  of  1  ton,  the  angle  of  the  strut  B  being  45^. 
The  weight  W  may  be  resolved  into  two  forces  on  A  and  B 
respectively  by  the  well-known  parallelogram  of  forces ;  making 
the  diagonal  a  equal  to  the  weight  W  by  a  scale  of  equal  parts, 
the  strain  on  B  will  be  equal  to  the  length  dot  e,  and  wiU  \^ 
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in  our  case  1*414,  or  say  1*4  ton  by  the  same  scale.  The 
strain  on  A  will  be  equal  to  the  length /or  g^  namely  =  1*0. 
Then  the  strain  on  B,  or  1*4  ton,  may  be  resolved  by  another 
parallelogram  into  the  two  strains  on  C  and  A,  by  making  the 
diagonal  B  =  1*4,  when  the  length  of  m  or  n  will  give  the 
strain  on  C  =  1*0,  and  o  or p  the  strain  on  ik  s  I'O  also.  The 
strain  on  B  is  a  compressive  one,  and  those  on  A  and  C  are 
tensile  ones ;  the  former  are  represented  by  full  lines,  the  latter 
by  dotted  lines. 

Let  Fig.  135  be  a  system  of  framed  rods,  in  which  A,  B,  0 
are  obviously  under  precisely  the  same  conditions  as  in  Fig.  134, 
and  bear  the  same  strains.  We  may  now  find  the  other  strains 
by  reasoning,  thus: — the  strain  on  A  or  1*0  must  evidently  be 
transmitted  to  D,  and  be  borne  by  that  member  of  the  system ; 
but  D  has  also  to  bear  the  extra  strain  from  the  thrast  of  £, 
and  as  the  strain  of  1  *  4  on  B  caused  a  strain  of  1  *  0  on  A,  so 
the  strain  of  1  *  4  on  E  will  cause  a  strain  of  1  *  0  on  D  in  addition 
to  that  transmitted  from  A ;  hence  the  total  strain  on  D  =  2  *  0. 
The  strain  on  E  is  known  to  be  1*4,  because,  as  in  Fig.  134, 
the  weight  W  =  1  *  0  produced  a  strain  of  1  *  4  on  B,  and  1  *  0 
on  C,  so  in  Fig.  135  will  the  strain  of  1  *  0  on  0  produce  a  strain 
of  1*4  on  E  and  1*0  on  r.  Similarly, as B  gave  a  strain  of  1  *0 
on  C,  so  will  E  cause  a  strain  of  1  *  0  on  F,  while  O  simply 
taking  the  place  of  ik  in  Fig.  184  bears  the  same  strain, 
mamely  1*0,  but  the  point  r  having  received  1*0  from  E, 
has  a  total  strain  on  it  =  2*0,  namely,  1*0  from  O  and  1*0 
£romE. 

(434.)  Fig.  136  is  a  long  girder  or  cantilever,  composed  of 
a  series  of  frames,  as  in  Fig.  135,  and  the  strains  throughout 
may  be  found  by  pursuing  the  same  reasoning : — thus  we  have 
seen  that  every  diagonal,  B,  E,  &c.,  causes  an  extra  strain  of 
1*0  on  those  members  of  the  top  and  bottom  which  receive  it, 
the  total  strains  on  the  top  become  1,  2,  3,  4,  5,  and  6 ;  and 
those  on  the  bottom  1,  2,  3,  4,  and  5.  After  H  has  passed  the 
foot  of  the  last  diagonal  E  and  received  its  thrust,  the  strain  at 
J  becomes  6  also.  The  strain  at  the  wall,  or  at  J  and  L,  might 
be  found  direct  from  the  leverage  with  which  the  weight  W 
actSy  for  as  the  length  L,  M  is  six  times  the  depth  J,  L,  the 
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weight  of  1  '0  at  M  will  evidently  give  a  strain  of  6  at  J  and 
L,  as  found  by  the  preceding  analysis.  It  should  also  be 
observed  that,  whatever  the  length  of  the  girder  may  be,  the 
strain  on  the  verticals  and  diagonals  is  constant  from  end  to 
end.  In  all  the  figures  solid  lines  represent  compressive 
strains,  and  dotted  lines  tensile  ones. 

In  Fig.  137  we  have  a  similar  girder,  but  in  a  reversed 
position,  the  principal  effect  being  that  the  strains  on  the 
diagonals  which  were  compressive  in  Fig.  136  become  tensile 
in  Fig.  137,  while  the  tensile  strains  on  the  verticals  become  i 
compressive  ones. 

(435.)  If  we  now  combine  Fig.  136  with  Fig.  137  by  super- 
imposing one  upon  the  other  we  obtain  Fig.  138 ;  the  strains 
on  the  top  and  bottom  members  will  evidently  be  the  atcm  of 
those  in  Figs.  136  and  137 ;  those  on  the  diagonals  will  remain 
UDchanged  in  character  and  amount,  but  those  on  the  verticals, 
being  tensile  in  one  case  and  compressive  in  the  other,  will 
neutralise  each  other,  showing  that  there  will  be  no  strain  upon 
them.  They  may  therefore  be  omitted  altogether  as  useless,  as 
is  done  in  Fig.  138. 

The  strain  on  top  and  bottom  members  is  of  course  a  maximum 
at  the  wall,  and  is  equal  to  12  tons,  as  shown  by  Fig.  138 ;  we 
may  check  this  result  in  another  way.  Thus,  the  depth  of  the 
girder  being  taken  as  =  1*0,  the  length  in  our  case  =6*0, 
therefore  the  load  of  2  tons  becomes  a  strain  of  2  x  6  s  12  tons 
at  the  wall,  as  found  before. 

It  will  be  observed  that  when,  as  in  Figs.  136,  137,  there  is 
only  one  set  of  diagonals,  the  strains  on  the  top  and  bottom 
members  increase  towards  the  wall  in  the  simple  arithmetical 
ratio  1, 2, 3,  &c ;  but  where  there  are  two  sets  at  similar  angles, 
as  in  Fig.  138,  those  strains  increase  in  the  order  of  the  odd 
numbers  1,  3,  5,  7,  &o.  Another  important  fact  is,  that  the 
strain  on  the  diagonals  is  constant  throughout,  whatever  may 
be  the  length  of  the  girder.  But  these  statements  are  true  only 
where  the  strain  is  taken  as  a  single  load  at  the  end,  the  weight 
of  the  girder  itself  being  neglected.  The  effect  of  the  latter, 
being  equivalent  to  an  equally  distributed  load,  is  considered 
in  (444> 
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(486.)  The  strain  on  the  diagopals  will  vary  with  their  angle; 
an  equilateral  triangle,  as  in  Fig.  139,  is  oommonly  used,  and 
the  strains  on  A,  B,  (fee.,  may  be  found  by  the  parallelogram  of 
forces  as  before.  We  have  to  determine  first,  the  ratio  between 
a,  6,  c»  &c, :  let  M  in  Fig.  110  be  an  equilateral  triangle  whose 
sides  are  all  =  1  *  0  ;  we  want  to  know  the  height  of  the  vertical 
line/.  Dividing  the  triangle  into  two  equal  parts,  we  obtain 
the  right-angled  triangle  N,  having  its  two  sides  =1*0  and 
i  respectively;  then  by  the  well-known  rule  for  right-angled 
triangles,  namely,  that  the  square  of  the  hypothenuse  is  equal 
to  the  sum  of  the  squares  of  the  other  two  sides,  we  have 
/,  =  ^  (a*  —  «*),  which  in  our  case  becomes  (P  —  ^*)^  =  '866; 
therefore  when,  as  with  O,  /  =  1 '  0  ton,  c  will  be  1  -4-  •  866 
=  1  *  155  ton,  and  as  6  is  half  of  c,  we  have  6  =  1*  155  -4-  2 
as '5775  ton.  Transferring  these  numbers  to  Fig.  139,  we 
obtain  the  strains  on  A  and  B  respectively. 

The  strains  on  the  diagonals  will  be  constant,  as  we  found 
in  (435)  and  Fig.  136,  &c,  and  will  be  1  *  155  ton  throughout 
The  strain  on  Q  in  Fig.  139  will  be  the  resultant  of  the  thrust 
of  B  and  the  pull  of  C,  and  may  be  found  by  the  parallelogram 
r  in  Fig.  140,  where  the  compressive  strain  of  B  is  converted 
into  an  equivalent  tensile  one  B'  at  the  same  angle.  Making 
B'  and  C  each  =  1  *  155,  G  is  in  our  case  1  *  155  also,  from 
which  we  find  that  each  pair  of  diagonals  adds  1  *  155  ton  to 
the  top  and  bottom  members,  which  receive  their  combined 
strains;  hence  H,  Fig.  139,  becomes  1*155  +  1*155  =  2*31 
tons.  After  F  has  been  passed,  and  the  thrust  of  one  more 
diagonal  has  been  received,  the  strain  becomes  2*31  +  *5775 
ss  2  *  8875  tons.  Again ;  in  the  top  member,  the  strain  on  A 
=  •  5775  ton,  as  found  in  (435) ;  on  J  it  becomes  *  5775  +  1  *  155 
=  1  *  7325  ton ;  and  on  K,  having  received  the  thrust  of  F, 
and  the  pull  of  E,  it  becomes  1*7325  +  1'155  =  2*8876  tons, 
or  the  same  as  we  found  for  the  maximum  strain  on  the  bottom 
members. 

(437.)  *'  Beam$  with  Load  in  Centre^  dc" — The  case  of  a  can- 
tilever, as  in  Fig.  139,  may  be  easily  converted  into  that  of 
a  girder  of  double  length,  supported  at  the  ends  and  loaded, 
in  the  centre  with  2  tons.    Obviously,  in  order  to  obtain  » 
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strain  of  1  ton  at  each  end,  the  central  load  mnst  be  2  tons, 
and  the  cantilever  must  be  inverted.     See  Figs.  91,  92. 

(438.)  <*  Boiling  Load,** — The  effect  of  change  of  position  in 
the  load,  such  as  occurs  where  it  rolls  slowly  without  shock 
from  end  to  end  of  a  girder,  may  be  illustrated  by  Figs.  144  to 
148  inclusive,  the  strains  throughout  being  calculated  as  in  the 
preceding  examples,  starting  in  each  case  with  the  load  on  each 
prop  as  a  datum.  From  these  figures  we  may  obtain  some  useful 
general  facts. 

(489.)  First, — it  will  be  observed  that  the  strains  on  the 
diagonals  change  with  the  varying  position  of  the  load,  not 
only  in  amount,  but  also  in  character,  or  from  tensile  to  com- 
pressive, and  vice-verad.  Taking  Q  for  example,  the  strain 
changes  from  a  tensile  one  of  5  *  77  tons  in  Fig.  146,  to  a  com- 
pressive one  of  8*46  tons  in  Fig.  147.  A  strain  thus  alternating 
or  acting  in  opp«>8ite  directions,  is  known  (915)  to  be  very 
trying  to  any  material  which  in  fact  suffers  from  fatigue ;  the 
effect  is  equivalent  to  the  sum  of  the  two  strains,  or  in  our  case 
to  5*77  +  8*46  =  9-28  tons  acting  in  one  direction  only,  but 
being  alternately  laid  on  and  relieved ;  this,  again,  is  moro 
trying  than  a  steady  and  constant  load.  These  facts  should  be 
remembered  in  fixing  the  '*  Factor  of  safety  "  (880)  for  the  par- 
ticular case ;  it  will  also  be  seen  that  in  a  girder  for  carrying  a 
rolling  load,  all  the  diagonals  must  be  adapted  to  sustain  both 
tensile  and  compressive  strains,  and  in  many  cases  should  be  of 
Jl  iron,  or  some  such  form  of  section,  rather  than  simple  thin 
bars  (638). 

(440.)  Secondly, — ^the  figures  show  that  while  the  strains  on 
the  top  and  bottom  members  never  change  their  ehararter  with 
a  rolling  load,  the  amount  of  the  strain  varies  considerably ; 
for  instance,  from  5*2  tons  tensile  strain  on  M  in  Fig.  144,  to 
*5755  ton,  also  tensile,  in  Fig.  148  ;  and  again,  from  8*08  tons 
on  N  in  Fig.  145,  to  1  *  155  ton  in  Fig.  148,  both  compressive 
strains.  This  partial  relief  of  the  strain  every  time  the  load 
passes  is  much  more  trying  to  the  material  than  even  the  maxi- 
mum load  would  be  if  it  were  a  dead  and  constant  strain  (912), 
and  the  *'  Factor  of  safety  "  should  be  higher  than  for  an  equal 
statical  load. 
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It  should  be  observed  that  the  strains  on  the  diagonals  being 
aJtemate^  or  in  both  directions,  while  those  on  the  top  and 
bottom  are  simply  intermittent^  should  in  strictness  lead  to  the 
use  of  a  higher  Factor  of  Safety  for  the  former  than  for  the 
ktter,  in  the  ratio  of  2  to  1  (915). 

(441.)  **  Effect  of  Distribution  of  Load:*— The  effect  of  two  or 
more  equal  loads  may  be  found  by  adding  together  the  respective 
strains  in  two  or  more  of  the  figures;  thus,  in  Fig.  149  we 
have  the  strains  with  10  tons  on  the  apex  of  every  triangle, 
which  were  obtained  by  adding  together  all  the  corresponding 
strains  in  the  figures  from  144  to  148  inclusive.  Thus,  on 
A  A,  &o.y  they  are  all  compressive  strains,  and  their  sum  is 
28*86  tons;  but  on  D,  two  are  compressive,  with  a  sum  of 
1*156  +3*46  =  4*615  tons,  and  three  are  tensile,  with  a  sum 
of  5*77  +  8*46  +  1*155  =  10-885  tons,  so  that  the  tensile, 
being  10*885  —  4*615  =  5*77  tons  in  excess  of  the  compres- 
sive, is  the  final  strain  on  D,  as  in  Fig.  149. 

(442.)  It  is  remarkable  that  with  an  equally  distributed  load, 
as  in  Fig.  149,  while  the  strain  on  the  top  and  bottom  members 
is  a  maximum  at  the  centre,  where  it  is  87  *  48  tons,  and  is 
reduced  progressively  toward  the  ends,  where  it  becomes  14*42 
tons ;  it  is  just  the  reverse  with  the  diagonals,  being  a  mini- 
mum, or  5  *  77  tons,  in  the  centre,  increasing  progressively  to  a 
maximum  of  28*86  tons  at  the  ends,  &o.  see  Fig.  151* 

(448.)  In  Fig.  150  we  have  the  strains  with  two  weights 
each  of  10  tons,  placed  at  equal  distances  on  each  side  of  the 
centre,  which  were  obtained  by  combining  those  in  Figs.  145, 
147.  It  will  be  thus  found  tiiat  the  strains  on  the  diagonals 
between  the  two  weights  neutralise  one  another,  being  tensile 
in  one  case  and  compressive  in  the  other ;  they  are  therefore 
useless,  and  are  omitted  altogether  in  Fig.  150. 

The  same  principles  will  apply  to  any  other  equal  or  un- 
equal loads  on  the  several  points  by  simple  proportion.  Thus, 
taking  for  illustration  the  diagonal  D  in  all  the  figures,  say  we 
baye  5  at  Z  in  Fig.  149,  then  Fig.  144  gives  1*155  x '5 
=  0-678  at  D;  say  2  at  Y  gives  by  Fig.  145,  8*46  x  2 
s  0*692  at  D,  both  being  crushing  strains,  and  their  sum 
•678  +  '692  s  1*27.    Then  all  the  rest  are  tensile  strains  on 
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D ;  say  8  at  X  by  Fig.  146  becomes  5-77  x  '8  =  4-616  at  D; 
bay  12  at  V  becomes  by  Fig.  147,  8-46  x  1"2  =  4*152  at  D; 
and  say  6  at  U  gives  by  Fig.  148, 1*155  x  '6  =  0-693  at  D. 
The  sum  of  the  three  tensile  strains  =  4-  616  +  4*  152  +  0'  693 
=  9-461,  and  the  sum  of  the  two  crushing  strains  being  1*27, 
we  have  as  a  final  resnlt  9-461  —  1-270  -  8*  191  tensile  strain 
on  D.  Applying  the  same  process  to  the  other  parts  of  the 
girder,  we  may  obtain  the  strains  thronghont  for  loads  of  5,  2, 
8,  12,  and  6,  at  Z,  Y,  X,  V,  and  U  respectively. 

(444.)  «  Effect  of  the  Weight  of  the  Girder  itself:'— We  have 
so  far  considered  only  those  strains  which  a  given  load  would 
produce  in  the  different  parts  of  a  lattice  girder,  irrespective  of 
those  due  to  the  weight  of  the  girder  itself.  In  short  girders 
the  latter  is  usually  very  small  in  proportion  to  the  load,  and 
may  in  such  cases  be  neglected  ;  but  in  long  girders  it  becomes 
important,  as  shown  in  (488),  &o.,  and  must  not  be  overlooked. 

The  weight  of  the  girder  itself  is  in  effect  equivalent  to 
a  load  equally  distributed  all  over  the  length;  it  will  not, 
however,  suffice  to  take  it  as  borne  on  the  top  only,  as  in 
Fig.  149,  but  rather  by  the  top  and  bottom  equally,  as  in 
Fig.  151.  Calculating,  as  before,  successively  for  the  loads 
at  K,  S,  T,  Q,  we  obtain  another  series  of  strains  which, 
added  to  those  given  by  Figs.  144  to  148,  give  the  strains  in 
Fig.  151,  which  may  be  taken  as  representing  the  ratios  of  the 
strains  on  a  girder  arising  from  its  own  weight.  It  should 
be  observed  that  we  have  not  only  10  tons  at  the  apex  of  every 
triangle,  but  also  5  tons  at  each  end ;  but  as  these  latter  im- 
pinge direct  on  the  bearings,  they  cause  no  strain  on  the 
members  of  the  girder.  The  total  weight  on  the  girder  thus 
becomes  100,  or  50  on  each  bearing,  but  the  straining  weight  is 
45  tons  only. 

We  have  here  assumed  that  the  weight  of  the  girder  per  foot 
run  is  equal  from  end  to  end,  which  it  usually  is  in  ordinary 
cases ;  where,  however,  the  strength  and  corresponding  weight 
of  the  several  parts  are  graduated  from  the  centre  to  the  ends, 
as  would  or  should  bo  the  case  in  large  and  important  structures, 
the  method  of  calculating  must  be  modified  accordingly. 

The  general  effect  of  the  weight  of  a  beam  on  the  load  which 
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it  will  bear  is  shown  most  dearly  and  fully  in  the  case  of 
"Similar"  beams  (488). 

(446.)  "  Top  Flange—Lateral  Stiffness:'— The  form  of  sec- 
tion at  the  top  of  a  lattice  girder,  or  rather  at  that  part  sub- 
jected to  compression,  is  not  arbitrary ;  there  must  not  only  be 
area  sufficient  to  bear  the  crushing  strain,  but  also  a  flange  of 
considerable  breadth,  so  as  to  give  lateral  stiffness  sufficient  to 
prevent  flexure  sideways.  The  top  flange  of  a  girder  is  virtually 
a  pillar,  and  while  yielding  by  flexure  vertically  is  prevented 
by  the  diagonals,  there  is  nothing  to  resist  flexure  sideways 
except  the  resistance  of  the  top  flange.  With  long  girders 
particularly,  considerable  breadth  is  necessary  to  prevent  the 
top  yielding  by  flexure  with  a  strain  much  less  than  that  neces- 
sary to  crush  the  material. 

(446.)  For  the  more  perfect  investigation  of  the  matter  let 
us  take  the  case  of  the  lung  girder  in  (681)  and  Fig.  155:  the 
total  length  being  82  feet  with  16  bays,  each  bay  is  2  feet. 
Now,  obviously,  the  part  of  the  top  flange  between  the  points 

a,  a,  is  a  pillar  4  feet  long  compressed  with  15  tons ;  between 

b,  b,  a  pillar  8  feet  long  loaded  with  18  tons,  &c.,  &c. ;  hence 
we  have  a  series  of  pillars  with  lengths  varying  by  increments 
of  4  feet,  namely : — 

32  28  24  20  16  12  8  4 

feet  long,  the  corresponding  compressive  strains  being 

1  3  5  7  9  11         13         15 

tons,  and  the  question  is,  with  which  of  those  lengths  and  cor« 
responding  strains  the  lateral  strength  required  to  resist  flexure 
at  the  centre  becomes  a  maximum. 

By  (147)  it  is  shown  that  the  tendency  of  a  pillar  of  wrought 
iron  to  break  by  flexure  is  proportional  to  W  X  L',  which  in 
our  case  becomes : — 

1024        2352        2880        2800        2304        1584        832       240 

which  being  a  maximum  with  5  tons  and  a  length  of  24  feet, 
or  c,  Cy  in  Fig.  155,  shows  that  with  a  flange  of  the  same  size 
throughout,  this  is  the  weakest  pillar  of  the  set,  and  that  the 
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breadth  required  for  ihat  length  and  weight  being  greater  than 
any  other,  goTems  the  case  (448). 

These  rectangular  pillars  are  under  peculiar  conditions,  being 
forced  to  yield  by  flexure  in  the  direction  of  their  larger 
dimension ;  of  course  an  ordinary  rectangular  pillar  of  unequal 
dimensions,  left  to  itself^  would  fail  by  bending  in  the  direction 
of  its  least  dimension :  in  a  lattice  girder  this  is  preyented  by 
the  diagonals.  By  col.  4  of  Table  34,  Mp  =  162900  lbs.,  which 
with  Factor  of  Safety  =  3  becomes  162900  -r-  (112  X  8)  = 
485  cwt :  then  the  rule  (235)  may  be  modified  into : — 

(447.)  W  =  (W  X  L«)  ^  (480  x  <)• 

In  which  W  =  the  safe  working  dead  load  in  cwts. ;  L  =  the 
length  of  the  pillar  in  feet ;  B  =  the  breadth  or  greatest  dimen- 
sion of  a  rectangular  pillar,  and  t  =  the  thickness  or  least 
dimension  of  the  same,  both  in  inches.  For  24  feet  and  5  tons, 
or  100  cwt.,  as  in  our  case,  and  assuming  t  =  ^  inch,  we  obtain 
B««  =  (100  X  576)  -^  (480  X  i)  =  240,  which  is  the  2-6 
power  of  B.  By  logarithms  log.  240  =  2-38  -r  2-6  =  -915, 
which  is  the  log.  of  8  *  22  inches,  the  breadth  B,  required.  To 
show  that  the  breadth  is  a  maximum  with  the  length  we  have 
taken,  we  may  calculate  it  for  the  next  greater  and  next  less 
lengths :  thus,  with  20  feet,  or  d,  d,  in  Fig.  155,  the  strain  by 

(446)  is  7  tons,  or  140  cwt.,  and  we  have  /l40  x  ^00)  -r-  (480 
X  i\^  =  8-142  inches.    For  28  feet,  or  «,  6,  in  Fig.  155,  and 

8  tons,  or  60  cwt,  we  obtain  ^60  X  784)-;- (480  x  *}^  =  7-615 

inches ;  both  being  less  than  8  *  22  inches  as  found  for  24  feet. 
The  actual  breadth  of  the  top  flange  in  Fig.  141  given  by  two 
angle-irons  and  the  ^inch  diagonals  was  S^  inches. 

(448.)  In  an  ordinary  plate-iron  girder  with  a  continuous 
vertical  web  the  strains  would  be  foand  to  increase,  not  by 
steps  of  2  tons,  as  in  Fig.  155,  but  in  regular  arithmetical  pro- 
gression from  the  ends  where  it  is  nothing  to  the  centre  where 
it  attains  a  maximum,  and  it  will  be  found  that  the  tendency  to 
yield  by  flexure  at  the  centre  is  a  maximum  with  one-third  of 
the  mftX'"^""^  or  central  strain,  which  by  the  conditions  of  the 
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case  is  exerted  on  an  acting  length  of  two^thirds  of  the  extreme 
length  of  the  girder.  Thus,  let  Fig.  142  be  a  girder  9  feet 
long  and  1  foot  deep  loaded  with  4  tons  in  the  centre,  giving 
2  tons  on  each  prop,  which  is  equivalent  to  a  cantilever,  Fig. 
143,  4^  feet  long,  fixed  in  a  wall  at  one  end,  and  loaded  with 
2  tons  at  the  other.  The  strain  on  the  top  and  bottom  members 
at  the  wall  is  therefore  2  x  4^  -r*  1  =  9  tons,  equivalent  to 
9  tons  at  the  centre  of  the  girder,  Fig.  142.  Then  we  have 
the  series  of  longitudinal  strains  given  in  the  figure,  increasing 
in  arithmetical  progression,  and  we  thus  obtain  a  series  of 
imaginary  pillars  with  lengths  of  :— 

0128456789 

feet,  the  corresponding  longitudinal  compressive  strains  being 
9876543210 

tons.  Then  the  tendency  to  break  by  flexure  at  the  centre 
being  in  the  ratio  W  X  L',  becomes 

0         8        28        54        80      100       108       98        64         0 

which  is  a  maximum  with  6  feet,  or  two-thirds  of  the  extreme 
length,  and  the  corresponding  strain  of  3  tons,  or  one-third  of 
the  maximum  or  central  strain.  The  practical  application  of 
these  laws  to  plate-iron  girders  is  illustrated  by  (394). 

(449.)  "  Effective,  and  Extreme  Depth  J' — It  should  be  observed 
that  in  the  diagrams.  Figs.  136-151,  the  strains  are  taken  as 
acting  on  mathematical  lines,  or  centres  of  strain,  and  that  in 
dealing  with  practical  cases,  the  depth  taken  as  a  basis  for 
calculation  should  not  be  the  extreme  depth  of  the  girder,  but 
rather  the  distance  between  centres  of  the  resisting  forces  of 
cohesion  and  crushing,  which  may  be  taken  as  coincident  with 
the  centres  of  gravity  of  the  sections  of  the  top  and  bottom 
members  of  the  girder  (385),  (684).  The  difference  between 
the  effective  deptii  thus  measured  and  the  extreme  depth  is 
sometimes  considerable,  but  in  practical  rules  it  is  allowed  for 
19  fixing  the  value  of  the  constant  (390). 


I"!" 
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CHAPTEB  XL 

OK  '^SIMILAB*'   BEAMS. 

(450.)  Beams  are  termod  ^* Mathematically  Similar''  when 
(dl  the  dimensions  of  one  bear  a  given  proportion  to  aU  the 
corresponding  dimensions  of  the  others.  Thus,  in  Fig  152, 
A,  B,  0  are  three  similar  tubnlar  beams  of  plate-iron,  or  other 
material,  the  length,  depth,  breadth,  and  thickness  of  B,  being 
double  the  corresponding  dimensions  of  A,  and  in  0,  triple 
those  of  A.  Again,  in  Fig.  153,  D,  £,  F  are  three  similar 
cast-iron  girders,  all  the  corresponding  dimensions  being  in  the 
ratio  1,  2,  3,  as  before. 

We  may  now  complete  the  illustrations  by  calculating  the 
breaking  weight  of  these  beams.  For  the  wronght-iron  tubular 
beams  A,  B,  0,  we  may  take  the  value  of  Mt  at  3200  lbs.  (375), 
then  rule  (330)  becomes  with — 

A  =  (^Xl)-a-8»X    -8)  ^  32^^  ^   ^  ^    ^333.^g  ^^^ 

B  =  (^•x2)-(3-g'Xl-g)  ^  3200  ^  8  =    6335-04  Ih., 
^  ^  (6l2L3)^(5-4'x2-4)  ^  32^^  ^  ^^  ^  ^2003-84  Ibe. 

Now,  it  will  be  observed  that  the  linear  dimensions  being  in 
the  ratio  1,  2,  3,  the  loads  are  in  the  ratio  of  the  squares  of 
those  numbers,  or  1,  4,  9.  We  should  obtain  the  same  BatioB 
by  the  special  rules  (377),  or  even  by  the  incorrect  old  rule 
(337),  although  the  calculated  loads  would  differ  in  amount. 

(451.)  For  the  cast-iron  girders  D,  E,  F,  we  may  take  the 
value  of  Mt  o,t  '92  ton  (335);  then  calculating  by  the  special 
pule  in  (378),  we  obtain : — 

(\  Tons. 

J«x2)  +  (3«-J«]xi)  +  (4«-3*]x4|x -924-   5=    6'049 

B  =  {l«  X  4)  +  ((5«  -  1«]  X  1)  +  (8«  -  6«]  X  s}  X  -92  + 10  =  24196 

P  =  /lJ»x6)  +  (9»-li«]xlJ)+a2«-9»]xl2j  X  •92  +  15  =  54-441 
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Here  again,  the  Unear  dimensionB  being  in  the  ratio  1,  2,  8, 
the  loads  are  in  the  ratio  of  the  squares  of  those  numbers,  or 
1,  4,  9,  &o, 

(452.)  "  General  Laws  for  Similar  Beanu,*^ — Mr.  Tate  and 
others  have  shown  that  there  are  some  general  laws  governing 
the  relations  of  similar  beams,  which  are  very  useful,  by 
enabling  us  to  reason  from  one  whose  strength  is  known  by 
experiment,  to  another  of  very  different  sizes,  but  similar  pro- 
portions, whose  strength  we  desire  to  know.  Thus,  as  an 
extreme  case,  it  is  shown  in  (475)  that  the  strength  and  sizes 
of  the  great  tubular  bridge  at  Conway,  400  feet  span,  and 
weighing  1080  tons,  might  be  calculated  with  approximate 
accuracy  from  the  experimental  strength  of  a  little  model  tube 
8f  feet  span,  weighing  only  4^  lbs.  Figs.  152, 153,  will  enable 
us  to  illustrate  the  principal  laws  for  similar  beams. 

(453  )  1st  The  breaking  loads  of  similar  beams  are  to  each 
other  as  their  sectional  areas:— thus,  the  areas  of  A,  B,  C  are 
0-56,  2-24,  and  5-04,  and  of  D,  E,  F,  6-25,  25-0,  and  56-25 
square  inches  respectively,  which  in  both  cases  are  in  the 
ratios  of  the  breaking  weights  1,  4,  9. 

(454)  2nd.  In  similar  beams,  the  cubes  of  the  breaking  loads 
are  to  each  other  as  the  squares  of  the  weights  of  the  beams 
between  supports.  Thus,  the  breaking  loads  in  our  figures 
being  in  the  ratio  1,  4,  9,  we  have  1',  4',  9',  or  1  •  0,  64,  and  72  J, 
which  are  the  ratios  of  the  squares  of  the  weights  of  the  beams, 
for  1*,  8*,  and  27«  are  =  1,  64,  and  729. 

(455.)  drd.  The  breaking  weights  of  beams  of  similar  sec- 
tions, but  of  varying  lengths,  are  equal  to  the  continued  product 
of  the  whole  cross-sectional  area,  the  depth,  and  a  constant 
derived  from  experiment  for  the  particular  form  of  beam, 
material,  &C.,  divided  by  the  length,  or  distance  between  sup- 
ports, hence  we  have  the  rules : — 

(456.)  W  =  axcixM-r-t 

(457.)  a  =  (Wx  0-^(dx  M). 

(458.)  M  =  iWx1)'i'{axd). 

In  which  W  =  the  weight  or  load  on  the  beam  in  lbs.,  tons, 
&a,  dependent  on  the  terms  of  M  ;  a  s  the  whole  cross-sectional 
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area  in  i^qnare  inches ;  d  s  the  depth  in  inches  ;  I  =  the  length 
or  distance  between  supports  in  inches ;  and  M  ~  a  constant 
from  experiment,  &c.  Thus  taking  the  girder  E,  Fig.  153,  we 
may  find  the  value  of  M  :  here  W  =  24*196  tons,  as  found  in 
(451) ;  a  =  25  square  inches ;  e2  =  8  inches,  and  I  =  120  inches. 
Then  M  =  (24-196  x  120)  -r-  (25  x  8)  =  14-5176.  No^ 
applying  this,  for  example,  to  the  girder  F,  where  a  =  56  *  25, 
d  =  12,  and  I  =  180,  we  obtain  W  =  56-25  X  12  x  14-6176 
4-  180  =  54  •  441  tons,  as  before,  Ac.  (451). 

(459.)  4th.  The  breaking  weights  of  beams  of  similar  Bections, 
but  all  of  the  same  lengthy  are  as  the  cubes  of  the  linear  ratios 
of  the  sections.  Thus,  if  the  beams  A,  B,  0  had  all  been  say 
4  feet  long,  or  the  length  of  A,  the  breaking  weights  would  evi- 
dently have  been  in  the  ratio  1,  8,  27,  instead  of  1,  4,  9 : — ^then 
the  linear  ratio  of  the  sections  being  1,  2,  3,  we  have  1',  2^,  8', 
or  1,  8,  27,  which  is  also  the  ratio  of  the  breaking  weights. 

(460.)  5th.  In  beams  having  similar  sections  but  different 
lengths,  L  and  I,  corresponding  to  breaking  weights  W  and  to^ 
the  relations  are  expressed  by  the  equation  t<)  =  B^  X  W  x  L 
~-  I,  in  which  B  =  the  linear  ratio  of  the  two  sections.  Thus, 
with  the  cast-iron  girder  D  in  Fig.  158,  we  have  W  =  1,  and 
L  =  5;  then  comparing  with  the  girder  F,  we  have  B  =  3, 
from  which  we  obtain  the  relative  breaking  weight  of  F  =  3^ 
Xlx5-rl5  =  9;  that  is  to  say,  if  the  breaking  weight  of 
D  =  1,  that  of  F  will  be  9.  Similarly,  reasoning  from  D  to  E, 
we  have  B  =  2,  and  w  comes  out  2^xlx5-rl0  =  4,  the 
relative  breaking  weight  of  E,  &c. 

(461.)  6th.  The  breaking  weights  of  similar  beams  are  to 
each  other  as  the  squares  of  their  linear  dimensions.  Thusi, 
with  Figs.  152,  153,  in  A,  B,  C,  or  in  D,  E,  F,  the  ratio  of  the 
linear  dimensions  is  1,  2,  3,  and  1',  2',  3^  or  1,  4,  9,  is  the  ratio 
of  the  breaking  weights,  as  given  by  the  figures  and  shown  by 
(450),  (451). 

(462.)  7th.  In  beams  of  similar  sections  the  cube-root  of  the 
breaking  weights  multiplied  by  the  respective  lengths,  is  in  the 

simple  ratio  of  the  linear  dimensions,  or  4^  W  X  L  =  B. 
Thus,  in  the  tubular  beams  A,  B,  C,  we  have  breaking  weights 
iQ  the  ratio  1,  4,  9,  corresponding  to  lengths  iu  the  ratio  4,  8* 
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12;  then  we  have  yixi  =  1-687;  ^4x8  =  8-174; 
and  ^9  X  12  :=  4*762,  which  are  in  the  linear  ratio  of  the 
sections,  or  1,  2,  3.  Similarly  with  the  cast-iron  girders  D,  E, 
F,  in  Fig.  153,  we  have  ip^5  =  1-71;  4^4  x  10  =  8-42; 
and  ^9  X  15  =  5-13;  which  are  still  in  the  linear  ratio  of 
the  sections,  or  1, 2, 3.  This  rule  will  be  found  useful  in  giviug 
the  sizes  for  '*  Unit "  girders,  or  girders  for  a  load  =  1*0  with 
a  length  =  1*0,  from  which  the  sizes  necessary  for  any  load 
and  length  are  easily  obtained  from  direct  experiment  on  beams 
of  any  size  or  form  (485). 

(463.)  8tb.  The  breaking  weights  of  similar  cast-iron  girders 
are  to  each  other  as  the  areas  of  their  bottom  flanges.  Thus,  in 
the  girders  D,  £,  F,  Fig.  153,  the  areas  of  the  bottom  flanges 
are  4,  16,  and  36  square  inches  respectively,  or  in  the  ratio 
1,  4,  9,  which  is  also  the  ratio  of  the  breaking  weights. 

(464.)  9th.  The  breaking  weights  of  girders  of  similar  sec- 
tions are  to  each  other  as  the  areas  of  their  bottom  flanges, 
multiplied  by  the  respective  depths,  and  by  a  constant  adapted 
to  the  particular  form  of  section,  divided  by  the  length  between 
supports,  or — 

(465.)  W  =  ax<lx  M-T-l. 

(466.)  a  =  (W  X  0  -T-  (d  X  M). 

(467.)  M  =  (W  X  0  -^  («  X  ci). 

In  which  a  =  the  area  of  the  bottom  flange  in  square  inches, 
and  the  rest  as  in  (458).  The  value  of  M  will  vary  with  the 
form  of  section ;  for  the  section  given  by  Fig.  153  it  is  22  *  68 
for  tons:— thus  with  F  we  have  (54-441  x  180)  -^  (36  x  12) 

=  22-68  =M. 

For  the  form  of  section  recommended  by  Mr.  Hodgkinson 
(351)  and  Fig.  79,  with  top  and  bottom  flanges  having  areas  in 
the  ratio  1  to  6,  he  gives  the  value  of  M  at  26,  for  finding  the 
breaking  weight  in  tons.  With  that  value  for  M,  we  obtain  for 
the  girder  D,  4  X  4  X  26 4-  60  =  6-933  tons ;  for  E,  16  X  8 
X  26  4-  120  =  27-73  tons;  and  for  F,  36  X  12  X  26  4- 180 
s  62*4  tons,  and  those  breaking  weights  are  in  the  ratio  1,  4, 
«,  as  in  Fig.  153. 
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(468.)  10th,  In  similar  beams  the  weights  of  the  beams  be- 
tween supports  are  proportional  to  the  cabes  of  the  linear  ratio 
of  the  dimensions.  Thus,  in  Figs.  152,  153,  the  linear  ratio 
being  1,  2,  3,  we  have  1',  2^,  3^  or  1,  8,  27,  which  is  also  the 
ratio  of  the  weights  of  the  beams. 

We  may  now  give  some  illnstrations  of  the  application  of 
these  laws  to  cases  in  practice. 

(469.)  The  6th  law  in  (461)  states  that  the  breaking  weights 
of  similar  beams  are  to  each  other  as  the  squares  of  their  linear 
dimensions.  Mr.  Hodgkinson  made  some  experiments  with  the 
special  object  of  testing  the  accuracy  of  this  law  as  applied 
to  tubular  beams.  These  experiments  had  particular  reference 
to  the  great  Britannia  and  Oonwaj  bridges,  in  which  tubular 
beams  were  used  for  the  first  time  on  a  large  scale.  Little 
or  nothing  was  at  that  time  known  of  the  strength  of  beams 
of  the  tubular  form,  and  it  was  highly  necessary  that  the  theo- 
retical laws  should  be  checked  by  experiment.  In  Table  78  the 
beams  are  grouped  together  in  pairSj  selected  so  as  to  be 
^  similar  "  in  all  respects  as  nearly  as  possible,  but  also  yery 
different  in  dimensions,  the  special  object  being  to  show  how  far 
the  strength  of  a  large  Tubular  beam  could  be  calculated  with 
accuracy  from  that  of  its  small  fellow.  Of  course  it  was  impo6« 
Bible  in  practice  to  preserve  precisely  any  given  ratio  between 
all  the  dimensions ;  for  instance,  in  Nos.  9  and  10  the  ratio 
intended  was  1  to  12,  as  in  col.  6,  but  the  actual  ratios  of  the 
depths,  breadths,  and  thicknesses  of  plate  were  11-92,  12*31, 
and  12  *  29  respectively,  as  shown  by  cols.  7, 8,  and  9.  The 
best  that  can  be  done  under  these  circumstances  is  to  take  the 
mean  ratio  of  the  four  dimensions  as  the  general  ratio  or  value 
of  R,  and  this  is  given  by  coL  10  =  12*  13. 

(470.)  Now,  the  experimental  breaking  weight  of  the  small 
beam  of  this  pair,  as  given  by  col.  2,  is  1  '127  ton,  and  12*  13^ 
being  147*1,  we  obtain  1-127  x  147*1  =  165*8  tons  as  the 
strength  of  the  large  beam,  coL  14.  But  experiment  gave 
118*02  tons  only,  hence  we  have  165*8^  118*02  =  1*405,  or 
an  error  of  +  40*  5  per  cent,  as  in  col.  15.  Calculating  in  this 
way  throughout,  the  mean  error  of  the  whole  series  of  experi-^ 
ments  is  +  17*58  per  cent,  col.  15,  showing  that  the  theoretical 
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ratio  B'  is  too  high,  and  we  have  to  find  the  power  of  B  which 
will  agree  with  the  experiments.  Thus,  with  Nos.  9  and  10» 
the  logarithm  of  118-02  =  2-071889;  of  1-127  =  0-051924; 
vid  of  12-13=  1*083861.  Using  these  numher^  logarith- 
mically we  obtain  (2  •  071889  -  0  •  051924)  -r- 1  •  083861  =  1  •  864, 
as  in  col.  11,  which  is  the  power  of  the  ratio  of  the  linear  dimen- 
sions, or  B,  agreeing  with  the  experimental  strengths  of  this 
pair  of  beams,  so  that  instead  of  B'  as  due  by  theory,  we  have 
B^'^  due  to  experiment,  as  given  in  col.  11,  which  gives  through- 
out the  power  of  B  for  each  pair  of  beams,  the  mean  of  the 
whole  being  1  •  9062. 

(471.)  We  may  therefore  admit  that  the  mean  power  of  the 
latio  governing  the  strength  of  "similar"  tabular  beams  of 
wrought  plate-iron  is  B^'*  instead  of  B"  due  by  theory :  the 
effect  of  this  apparently  small  difference  is  in  extreme  cases  very 
great,  as  shown  in  (482). 

Col.  12  has  been  calculated  by  that  ratio  throughout ;  thus, 
in  Nos.  9, 10,  the  mean  ratio  B  =  12  *  18,  the  logarithm  of  which, 
or  1-083861  X  1-9  =  2-069336,  the  natural  number  due  to 
which  is  114*65  : — then  the  breaking  weight  of  the  small  tube 
being  1-127  ton,  we  obtain  1-127  x  114-65  =  129*2  tons,  the 
breaking  weight  of  the  large  tube,  as  in  col.  12.  Experiment 
gave  118-02  tons,  hence  we  have  129*2-5-118-02  =  1*095, 
or  an  error  of  +9*5  per  cent.,  coL  13 :  the  mean  error  of  the 
whole  series  as  thus  calculated  is  —  0  -  7  per  cent.  only. 

(472.)  With  the  modification  of  B^  <^  instead  of  B^  the  cor. 
rectness  of  the  theoretical  law  is  fairly  borne  out  by  tiie  experi* 
ments.  The  rule  was  thus  tested  because  there  was  some  doubt 
whether  it  would  hold  in  the  case  of  tubular  beams  made  with 
thin  plates  of  wrought  iron,  which  have  a  tendency  to  fail  by 
wrinkling  with  a  strain  much  lower  than  is  necessary  to  crush 
the  material.  But  it  is  shown  in  (316)  that  when  the  thickness 
and  breadth  of  the  plate  subjected  to  compression  are  both 
increased  in  the  same  ratio,  which  of  course  is  the  case  with 
<'  similar  "  beams,  the  Wrinkling  strain  per  square  inch  remains 
constant,  the  rule  (308)  being  W^  =  ^Th^  h^  X  104.  Thus, 
with  three  plates  of  the  respective  thicknesses  yV*  t%>  t^  inch^ 
•ttd  br^dtbs  10,  20,  30  inches,  we  have   ^~l  ^  10  X  104 
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-=  10-4;  V2-r-20  X  104  =  10-4;  and  V -3-^30  X  104 
s  10*4  tons  per  square  inch,  Ww  being  constant  Table  78 
shows  that  this,  law  is  correct  as  applied  to  tubnlar  beams,  even 
with  snch  a  ratio  in  ihe  sizes  as  12  to  1,  and  as  illustrated  by 
Fig.  100. 

(473.)  "  Conway  Tube.** — ^We  may  now  apply  this  law  to  the 
oalonlation  of  the  strength  of  the  great  tube  of  the  Conway 
Bridge.  A  large  model  tube  was  made,  76  feet  long  between 
bearings,  and  when  the  best  proportions  of  the  areas  at  the  top 
and  bottom  had  been  decided  by  many  experiments,  the  tube 
was  finally  broken  with  86  *  25  tons  in  the  centre ;  but  the  weight 
of  the  tube  itself  was  5  *  8  tons,  which,  being  a  distributed  load, 
is  equivalent  to  6*8-r-2  =  2'9  tons  in  the  centre;  the  total 
breaking  load  was  therefore  86*25  +  2*9  =  89*15  tons. 

The  breaking  weight  of  similar  beams  being  by  the  modified 
rule  (471)  proportional  to  E^'*,  the  length  of  the  model  tube 
76  feet,  and  of  the  Conway  tube  400  feet,  we  get  89  *  15  x  400*  • 
-f.  75*'*  =  2145  tons,  the  details  of  the  calculation  being  as 
follows.  The  logarithm  of  400,  or  2  *  602  x  1  •  9  =  4  *  9438,  the 
natural  number  due  to  which,  or  87,870,  is  the  1  *  9  power  of 
400 :  then  the  log.  of  75,  or  1  •  875  X  1 '  9  =  3  *  5625,  the  natural 
number  due  to  which,  or  3652,  is  the  1  *  9  power  of  75.  The 
breaking  weight  of  the  model  tube,  or  89*15  x  87870  -r-  3652 
=  2146  tons  in  the  centre,  the  total  gross  breaking  weight  of 
ihe  Conway  tube. 

(474.)  By  the  10th  law  (468)  the  weights  of  similar  beams 
are  proportional  to  the  cubes  of  the  linear  dimensions : — in  our 
case  we  have  5*8  x  400*  -h  75'  =  880  tons:  the  actual  weight 
of  the  Conway  tube,  424  feet  long,  was  1146  tons,  but  between 
bearings  400  feet  apart,  it  would  be  about  1146  X  400  4-  424 
=  1080  tons,  which,  being  a  distributed  load,  is  equivalent  to 
540  tons  in  the  centre,  hence  the  useful  load  would  be  2145  — 
540  s  1605  tons  in  the  centre.  It  was  found  necessary,  in 
order  to  resist  the  shearing  strain  (403)  at  the  bearings,  to 
introduce  about  300  tons  of  cast-iron  frames,  but  as  these  were 
principally  at  the  ends  they  would  not  sensibly  increase  the 
load  upon  the  beam. 

(475.)  The  model  tube  was  in  this  case  made  of  the  largest 
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practicable  dimensions,  the  ratio  to  the  liurge  tube  being  §M 
1  *  0  to  5 '  34,  and  this  was  doubtless  the  most  prudent  course  to 
adopt.  But  as  a  matter  of  fact,  and  a  wonderful  illustration  of 
the  correctness  of  the  law  B***,  we  may  show  that  the  strength 
of  the  great  tube  at  Conwaj,  400  feet  span  and  weighing  1080 
tons,  may  be  calculated  with  approximate  accuracy  from  the 
experimental  strength  of  a  little  model  8|  feet  span,  weighing 
only  4^  lbs.  In  this  case  the  ratio  of  the  dimensions  is 
400 -T- 3-76  =  106-7  to  1-0:  the  log.  of  106-7  or  2-028164  x 
1*9  =  8*8535,  the  natural  number  due  to  which,  or  7137  I !  is 
the  ratio  of  the  breaking  weights.  By  col.  2  in  Table  78  the 
breaking  load  of  the  little  model  No.  8  was  0*8009  ton,  hence 
the  strength  of  the  great  tube  would  be  0*8009  X  7187  = 
2147  tons,  differing  very  little  from  2145  tons  as  found  in  (478) 
from  the  strength  of  the  75-foot  model.  Then  following  out  the 
ratio  we  may  obtain  the  general  dimensions  of  the  great  tube 
from  those  of  the  little  one ;  thus,  the  depth  of  the  little  tube 
being  8  inches  or  *25  feet,  that  of  the  great  one  comes  out 
•25  X  106-7  r=  26*7  feet:  the  actual  depth  was  25*5  feet 
The  breadth  would  be  106 -7  X  1  *  9 -i- 12  =  16  *  8  feet,  the  actual 
breadth  =14*7  feet  The  thickness  of  plate  comes  out  -08  x 
106*7  =  8*2  inches,  and  the  width  of  the  top  plate  being  16*8 
feet  or  202  inches,  the  area  at  the  top  would  be  202  x  8*2  = 
646  square  inches  :  the  actual  area  was  565  square  inches,  &C., 
which  for  practical  reasons  was  arranged  as  cells  of  thin  plate- 
iron  I  inch  thick. 

If^  in  calculating  the  strength  of  the  Conway  tube  from  the 
75-foot  model,  we  had  taken  the  theoretical  ratio  B',  we  should 
obtain  89*  15  X  400*  4-  75'  =  2586  tons  in  the  centre  breaking 
weight,  or  2536  —  540  =  1996  tons  net,  exclusiye  of  the  weight 
of  the  tube  itself. 

(476.)  It  is  an  inoonyenience  of  this  6th  law  (461)  that  oK 
the  dimensions  should  be  in  an  exact  given  ratio,  a  condition 
that  is  sometimes  difficult  to  fulfil  in  practice.  The  third  law 
(455)  is  more  elastic,  for  though  the  yalue  of  M  is  adapted 
strictly  only  to  beams  that  are  mathematically  '*  similar,"  still 
small  departures  from  that  primary  condition  are  unimportanl| 
and  yariations  in  the  dimensions  are  met  by  the  rule. 
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Applying  this  Srd  law  to  the  75-foot  model  tube  and  the 
Clonwaj  Bridge  as  before,  we  have  the  areas  of  the  whole  cross- 
section  55  -  47,  and  1530  square  inches  respectiyelj.  Then,  the 
model  tube  being  4*5  feet  deep,  we  get  the  value  of  M  bj  the 
rule  M  =  (W  X  L)  -r-  (a  X  D),  which,  taking  L  and  D  both 
in  feet,  becomes  in  our  case  (89-15  x  75)-t-(55*47  x  4-5) 
=  26-8  the  value  of  M*  In  the  Conway  tube  L  =  400, 
D  =  25  *  5,  and  a  =  1530  square  inches ;  hence  the  rule  W  a 
a  X  D  X  M  -T-  L,  becomes  1530  x  25-5  x  26-8  -5-  400  = 
2614  tons  gross,  or  2614  —  540  =  2074  tons  net  central  break- 
ing weight.  This  differs  but  little  from  1996  tons  as  found  by 
the  6th  law  in  (475),  where  the  theoretical  ratio  B'  is  taken  as 
a  basis,  but  is  much  in  excess  of  1605  tons  as  found  in  (478) 
with  ike  corrected  experimental  ratio  B*'*,  which  is  unques- 
tionably the  most  correct 

(477.)  The  1st  law  in  (453),  that  the  breaking  weigihts  of 
similar  beams  are  simply  proportional  to  their  respeotiye  cross- 
sectional  areas,  may  be  illustrated  from  the  same  examples. 
Thus,  the  areas  being  55*47,  and  1530  square  inches,  and  the 
gross  breaking  weight  of  the  small  tube  being  89  *  15  tons,  that 
of  the  large  one  wiU  be  89*15  x  1530  4-  55*47  «  2459  tons 
gross,  or  2459  -  540  =  1919  tons  net 

(478.)  The  9th  law  (464)  gives  us  valuable  practical  rules 
for  cast-iron  girders  more  particularly: — thus  for  the  propor- 
tions recommended  by  Mr.  Hodgkinson,  where  the  flanges  have 
areas  in  the  ratio  of  6  to  1,  he  gives,  from  his  own  experiments^ 
the  value  of  M  at  26  for  the  breaking  weight  in  tons.  Fig.  79 
gives  the  section  of  large  girders  experimented  upon  by  Mr. 
Owen  (see  Table  68) :  the  mean  breaking  weight  by  thirteen 
experiments  was  88*8  tons  with  a  length  of  16  feet  between 
bearings.  The  area  of  the  flanges  was  6  to  1,  and  that  of  the 
bottom  one  1*75  x  12  =  21  square  inches;  then  the  rule 
W  =  axdx  M-r-i,  becomes  21  x  14  X  26  -r-  192  =  89*81 
Ions.  The  multiplier  26  is  strictly  applicable  only  to  girders 
with  flanges  in  the  proportions  of  6  to  1.    (See  851.) 

(479.)  This  law  may  also  be  applied  to  plate-iron  tubular 
beams ;  but  some  caution  is  necessary  here,  because  the  rule, 
taking  t^o  bottom  flange  alone  as  the  index  of  the  strength,  pre* 
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Bnpposes  that  the  other  parts  of  the  beam,  snch  as  the  top 
plate,  &c.y  are  not  weaker  than  the  bottom  flange  or  plate,  &o. 
In  oast-iron  girders  this  oondition  is  generally  realised,  because 
the  tensile  strength  of  cast  iron  is  only  ^th  of  its  compres- 
si^e  strength,  and  for  that  reason  the  bottom  flange  is  nsnally 
the  weak  part.  Bnt  with  wrought  iron,  although  the  tensile 
and  crushing  strains  are  nearly  equal  (377),  the  -  tendency 
of  thin  plates  to  wrinkle  or  corrugate  with  less  than  the  crush- 
ing strain,  causes  the  top  flange  or  plate  to  be  frequently  the 
weak  member,  and  therefore  to  govern  the  case. 

(480.)  TaMng  again  the  75-foot  model  tube:  after  the  top 
plate  had  been  duly  strengthened  until  the  beam  failed  by  the 
bottom  plate  giving  way  under  the  tensile  strain,  we  had  an 
area  of  22*45  square  inches  at  the  bottom,  with  a  depth  of  4*5 
feet,  and  a  length  of  75  feet.  In  the  Conway  tube  the  bottom 
area  was  500  square  inches,  the  depth  25  *  5  feet,  and  the  length 
400  feet :  hence  the  rule  M  =  (W  X  L)  -^  (a  x  D),  taking 
L  and  D  in  feet, becomes  (89 -15  X  75) -^(22 -45  x  4-5)  =  66. 
•Then  for  the  Conway  tube,  the  rule  W  =  axDxM-4-I^, 
becomes  500  x  25-5  X  66  -f- 400  =  2104  tons  gross,  or  2104  - 
540  =  1564  tons  net 

(481.)  We  have  thus  obtained  by  different  rules  yarious 
▼alues  for  the  strength  of  the  Conway  ^be;  the  variations  are 
not  very  great,  and  any  of  the  results  are  sufficiently  correct  for 
the  requirements  of  practice,  a  small  error  being  in  any  case 
amply  covered  by  the  Factor  of  Safety,  which  for  a  Bailway 
Bridge  would  not  be  less  than  6.     Collecting  these  results : — 

By  Rule  6,  with  R'»  we  found  in  (473)  2145  tons,  gross. 

„        6,    „     R«  „  (475)2536    „        „ 

„        3,  ..  „  (476)2614    „ 


1,  ..  „  (477)2459 

9,  ..  „  (480)2104 


n  n 

99     .  9> 


(482.)  The  difference  between  R«  and  R»'»  in  the  6th  law  is 
of  course  most  considerable  when  R,  or  the  difference  in  the 
sizes  of  the  model  and  the  beam,  is  very  great,  and  in  such  cases 
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more  particularly  the  6tb  Rule  (461)  will  no  doubt  with  R'  • 
give  more  correct  results  than  any  of  the  others.  For  instance, 
if  we  calculate  the  strength  of  the  Conway  tube  from  that  of  the 
little  model  as  in  (475)  by  the  6th  law  as  before,  but  with 
H*  instead  of  B}'\  we  should  have  a  difference  or  error  of 
59  per  cent.  The  ratio  B  is  in  this  case  106  *  7  to  1,  hence  we 
obtain  0  *  3092  x  106  *  7*  =  8520  tons  gross,  instead  of  2207  tons 
as  in  (475)  ;  a  difference  of  3520  4-  2207  =  1  •  59,  or  +  59  per 
cent. ;  this  being  due  to  the  difference  between  106 '7'  s  11385, 
andl06-7»»  =  7137. 

(483.)  The  7th  law  in  (462)  is  a  very  useful  one,  enabling  us 
to  reason  direct  from  a  girder  of  any  form  whose  strength  is 
known  by  experiment,  to  another  similar  girder  for  any  span 
and  load  whose  sizes  we  require.  For  instance,  Fig.  156  is  the 
section  of  a  cast-iron  girder  4]^  feet  between  bearings,  whose 
breaking  weight  was  found  by  Mr.  Hodgkinson  to  be  6*456 
tons  in  the  centre.  Now,  say  that  we  require  to  find  from  this 
the  sizes  for  a  girder  of  similar  section,  to  bear  safely  20  tons 
in  the  centre,  with  a  length  of  25  feet.  With  Factor  3,  we 
have  20  X  3  =  60  tons  breaking  weight:— then  by  Rule  7, 
putting  to  and  I  for  the  breaking  weight  and  length  of  the 
experimental  girder,  and  W  and  L  for  the  breaking  weight  and 
length  of  the  girder  required,  we  have : — 


(484.)  Ma  =  ^yf  xIj-t-  ifiixl 

which  in  our  case  becomes  ^  60  x  25  -f-  '5'6*456  x  4*5  =3*71, 
the  value  of  Mo»  ft  multiplier,  which,  applied  to  all  the  cross- 
sectional  dimensions  of  Fig.  156,  will  give  the  corresponding 
dimensions  of  Fig.  157.  Thus,  for  the  depth  we  have 
5-125  X  3-71  =  19  inches;  for  the  breadth  of  the  bottom 
flange  4*16  x  3*71  =  15*43,  or  say  15^  inches,  Ac,  &c.,  and 
we  thus  obtain  all  the  sizes  in  Fig.  167  from  direct  experiment 
on  a  Similar  girder. . 

The  most  useful  application  of  this  method  is  in  cases  where 
for  particular  reasons  the  section  required  is  of  unusual  form, 
such  as  to  be  not  easily  calculated  by  the  ordinary  rules.  In 
such  a  case  the  most  satisfactory  course  is  to  make  a  model 
girder,  as  large  as  conveniently  possible,  which,  being  experi- 
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mentally  broken,  will  supply  data  for  calculating  the  sizes  of 
the  girder  required  (901). 

(486.)  "  Unit  (Wrder».'*--The  7th  kw  in  (462)  will  also 
enable  us  to  find,  from  direct  experiment  or  otherwise,  the  sizes 
of  "  Unit "  girders  1  foot  long  with  a  breaking  weight  of  1  ton, 
from  which  we  may  easily  obtain  the  sizes  necessary  for 
similar  girders  with  other  loads  and  lengths  by  the  Bule  :— 

(486.)  Mu  =  -y  W"xT. 

In  which  W  =  the  load  on  the  centre  of  the  girder  in  lbs.,  tons, 
&c.,  dependent  on  Mu;  ^  =  the  length  in  feet,  and  Mu  =  a  con- 
stant. Thus,  taking  again  the  girder,  Fig.  156,  the  rule  in  our 
case  becomes  Mu  =  4^6*466  X  4*5  =  3*074: — ^now  dividing 
all  the  cross-sectional  dimensions  of  Fig.  156  by  8*074,  we 
obtain  the  corresponding  sizes  of  the  ^  unit  '*  girder.  Fig.  160 : 
thus  for  the  depth  we  obtain  5*125  4-3*074  =  1*667 :  for  the 
bottom  flange  4*16-7-3*074  =:  1*353  inch,  &c,  &o. 

(487.)  Then,  to  apply  this  to  other  cases,  say  for  a  girder  as 
in  (483),  60  tons  breaking  weight  and  25  feet  long,  the  rule 
4^W  X  L  =  Mu  becomes  4^ 60  x  25  =  11*4,  and  by  multi- 
plying all  the  cross-sectional  sizes  of  the  ''Unit*'  girder. 
Fig.  160,  by  11*4  we  obtain  the  corresponding  sizes  for  the 
girder  required.  Thus,  the  depth  will  be  1*667  X  11*4  =  19 
inches;  the  width  of  bottom  flange,  1*353  x  11*4  =  15*4,  say 
15j^  inches,  &c.,  &c.,  as  in  Fig.  157. 

We  have  thus  obtained  the  series  of  **  Unit  *'  girders.  Figs. 
158  to  163,  any  one  of  which  may  be  used  in  the  way  we  have 
illustrated :  all  of  these  Unit  sections  have  been  calculated  from 
girders  experimented  upon  by  Mr.  Hodgkinson.  In  mftlriTig  ^ 
selection  we  should  be  guided  by  the  special  requirements  of 
practice: — ^for  instance,  where  great  stiflnesa  is  required,  say 
for  carrying  a  water-tank,  where  considerable  deflection  would 
strain  and  endanger  the  joints,  we  should  select  a  deep  one,  such 
as  Fig.  159  ;  in  other  cases  great  depth  might  be  inadmissible, 
and  say  Fig.  162  would  be  selected;  in  other  cases  we  may 
require  a  wide  top  flange  for  a  Bressnmmer  to  carry  a  wall, 
and  Fig.  158  would  be  the  most  suitablcy  dbc.  See  (618)  and 
Fig.  208. 
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(488.)  "  Effect  of  ihe  Weight  of  the  Beam  it9e!f:'—The  laws 
for  "  Similar  Beams  "  will  enable  us  to  show  most  clearly  the 
effect  of  the  weight  of  the  beam  itself  on  the  total  load  which  it 
can  bear.  It  is  important  to  remember  that  the  breaking  weight 
of  a  beam  must  always  be  composed  of  two  different  loads,  one 
being  the  weight  of  the  beam  itself,  and  the  other  the  extra  load 
laid  upon  it ;  moreover,  that  the  proportion  between  these  two 
is  very  variable  (490).  In  short  beams,  the  weight  bears  a 
very  small  proportion  to  the  load,  and  in  most  ordinary  cases 
may  be  safely  neglected,  bnt  with  long  beams,  the  proportion 
rises  with  the  length,  until  the  whole  strength  of  the  beam  is 
required  to  carry  ito  own  weight,  and  it  can  bear  no  extra  load 
whatever  (492).  In  the  large  tube  of  the  Conway  Bridge  the 
weight  was  1080  tons  (474),  which  is  equivalent  to  1080  -7-  2 
s  540  tons  in  the  centre,  and  this  is  about  ^th  of  the 
total  strength  of  the  beam,  or  2145  tons,  as  calculated  in 
(473). 

(489.)  If  we  take  a  series  of  "  Similar  "  beams,  with  lengths 
and  all  other  dimensions  in  the  ratio  1,  2,  3  ....  10,  the  6th 
law  in  (461)  shows  that  the  breaking  weights  will  be  propor- 
tional to  the  9guare8  of  those  numbers,  and  by  the  10th  law  in 
(468)  the  weights  of  the  beams  will  be  as  the  cubes.  Thus, 
with  beams  having  all  their  dimensions,  lengths,  depths, 
breadths,  and  thicknesses  in  the  ratio : — 

128456789         10 

the  total  breaking  weights  taken  as  a  distributed  load,  including 
the  strain  from  the  weight  of  the  beam  itself,  would  be  in  the 
raUo  of  the  squares  of  those  numbers  (461),  say 

10        40       90      160        250     860      490      640      810      1000 

Now,  say  that  the  weights  of  the  beams  between  supports, 
being  by  (468)  in  the  ratio  of  the  cubes  of  the  dimensions, 
are:— 

1  8        27        64        125      216      843      572      729      1000 

Then,  the  useful  load  borne,  over  and  above  the  weights  of  the 
beams  themselves,  would  obviously  be  found  by  deducting  the 
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weight  of  the  beam  from  the  total  breakiag  load,  and 
become:^ 

9        82        63        96        125      14i      147      128       81  0 

Hence,  with  the  Bmallest  beam  of  the  series,  the  weight  of  the 
beam  itself  is  iV^h,  and  the  useful  load  ^^ths  of  the  total 
strength : — with  the  length,  &o,  ^  5,  the  weight  of  the  beam 
is  ^,  and  the  useful  load  ^  the  total  strength.  But  with  the 
largest  beam  of  the  series,  the  weight  of  the  beam  itself  is 
equal  to  the  total  strength,  and  it  can  bear  no  useful  load 
whatever. 

(490.)  We  have  seen  (488)  that  with  the  large  Conway  tube 
the  weight  of  the  beam  was  ^th  of  the  total  strength.  With  the 
75.foot  model  tube  (473)  it  was  2  •  9  4-  89  •  16  =  •  0326,  or  ^th  of 
the  total  strengtji.  With  the  little  model  tube  No.  8  in  Table 
78,  the  weight  between  supports  was  4*34  lbs.,  equivalent  to 
4*  34  4-2  =  2*17  lbs.  in  the  centre,  and  the  total  breaking 
weight  being  672  +  2  =  674  lbs.,  the  weight  of  the  beam  is 
2  •  1 7  4-  674  =  •  00322,  or  ^th  of  the  total  strength, 

(491.)  " Effect  with  Large  Beams" — With  very  large  beams 
the  effect  of  the  strain  due  to  the  weight  of  the  tube  is  to  oom- 
plicate  considerably  the  application  of  the  "  Factor  of  Safety." 
The  majority  of  our  leading  Engineers  admit  6  as  the  value  of 
that  Factor  for  Railway  Bridges,  or  that  the  beam  may  be 
strained  to  ^th  of  its  breaking  weight  only,  for  a  moving  load 
such  as  a  train.  But  we  have  seen  that  in  the  case  of  the 
Conway  tube  the  weight  of  the  tube  alone  strains  the  structure 
far  beyond  that  limit,  in  fact  to  ^th  of  the  breaking  weight : 
hence  the  highest  possible  Factor  =  4.  Thus  the  calculated 
breaking  weight  of  that  tube  by  the  most  correct  method  of 
calculation  (473)  being  2146  tons,  the  safe  load  with  Factor  6 
is  2146  4*  6  ==  368  tons,  but  as  we  have  seen  (474)  the  strain 
due  to  the  weight  of  the  tube  itself  is  640  tons. 

It  is  shown,  however,  in  (839)  that  in  most  cases  the  strain 
produced  by  a  rapid  train  is  very  little  greater  than  that  due  to 
a  dead  load,  for  which,  as  shown  by  (886),  (886),  the  Factor  for 
cast  or  wrought  iron  may  be  taken  at  3.  Then,  with  the 
Conway  tube  we  obtain  21  \6  4-  3  =  716  tons  total  safe  load. 
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and  as  the  strain  due  to  the  weight  of  the  tnbe  is  540  tons,  we 
have  715  —  540  =  175  tons  for  the  weight  of  the  train. 

(492.)  It  may  easily  be  shown  that  if  the  length  of  the 
Conway  tabe  were  doubled,  the  span  becoming  800  feet,  and  all 
the  cross-sectional  dimensions  were  jetained,  the  beam  would 
break  with  its  own  weight ;  for  obviotisly  the  breaking  load 
would  be  reduced  to  half  or  to  2145  -7-  2  =  1073  tons,  while 
the  weight  of  the  beam  being  doubled  becomes  540  x  2  =  1080 
tons. 

If^  on  the  other  hand,  all  the  dimensions  were  increased  in 
the  same  ratio,  the  length  with  which  the  beam  would  break 
with  its  own  weight  would  be  1600  feet,  or  4  times  its  present 
span.  In  that  case,  the  breaking  weight  increasing  as  the 
square  of  the  dimensions  becomes  2145  X  4'  s  84820  tons,  and 
the  weight  of  the  tube  itself  increasing  as  the  cube  of  the 
dimensions  becomes  540  x  4'  =  84560  tons,  &c.  We  have 
here,  howeyer,  taken  the  theoretical  ratio  B*  instead  of  the  more 
correct  experimental  ratio  B^'*  (471). 


^— «- 


CHAPTEB  XIL 


THB  OONNSOTION  OF  THB   TXNSILB  AND  OBITSHINa  STRAINS  WITH 

IHB  TBANSysaSE   STRAIN, 

(498.)  When  a  beam  is  fixed  at  one  end  and  loaded  at  the 
other,  the  transyerse  strain  is  resolyed  into  a  tensile  one  at  the 
upper  part  of  the  section,  and  a  crushing  one  at  the  lower  part. 
There  is  therefore  an  intimate  connection  between  the  trans- 
yerse  strength  of  a  material,  and  its  strength  in  resisting  tensile 
and  crushing  strains,  and  our  present  object  is  to  investigate 
the  nature  of  that  connection,  and  to  obtain  rules  that  will 
enable  us  to  calculate  any  one  of  those  three  strains,  when  the 
other  two  are  known  by  experiment. 

(494.)  Let  Fig.  165  be  a  beam  or  cantilever  built  into  a  wall 
and  unloaded,  the  depth  being  20  inches,  the  breadth  1  inch, 
a|i4  tb^  length  100  inphes,     Fig*  166  is  the  same  beam  loaded 
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at  the  end  with  a  weight  W,  the  tendency  of  which  is  to  oanso 
the  beam  to  rotate  round  the  **  nentral  aads "  N.  A.,  the  fibres 
above  that  line  being  stretched  in  a  ratio  increasing  in  simple 
arithmetical  progression  from  the  neutral  axis,  where  it  ia 
nothing,  to  the  upper  edge  of  the  section,  where  it  is  a  maTimum, 
and  if  we  admit  that  the  strains  are  simply  proportional  to  the 
extensions  (which  is  not  strictly  true  (604)  ),  those  strains  will 
obviously  increase  in  arithmetical  progression  also,  and  it  will 
follow  that  if  the  beam  is  loaded  up  to  the  point  of  rupture,  it 
will  give  way  at  first  by  the  fracture  of  the  upper  fibres,  the 
rest  following  in  succession.  Obviously,  the  fibres  below  the 
neutral  axis  are  eompressed  and  subjected  to  a  crushing  strain 
increasing  from  the  neutral  axis  to  the  lower  edge  of  the  section, 
where  it  becomes  a  maximum. 

(495.)  If  the  tensile  and  crushing  strengths  are  equal  to  one 
another,  the  neutral  axis  will  be  in  the  centre  of  the  section  aa 
in  Fig.  166  :  assuming  for  illustration  that  they  are  thus  equal, 
and  that  the  mcLximum  strength  is  10  tons  per  square  inch,  we 
have  in  Fig.  164  a  section  of  the  beam  to  a  larger  scale,  and 
can  calculate  the  strains  on  each  square  inch  of  that  section, 
also  the  leverage  with  which  it  acts ;  and  its  effect  in  sustaining 
a  load  at  W,  in  Fig.  166. 

Thus,  the  square  inch  B  is  strained  with  10  tons  per  square 
inch  at  its  upper  edge,  and  9  tons  at  the  lower  edge ;  the  mean 
is  9  *  5  tons,  which,  acting  with  a  leverage  of  9  *  5  inches  (namely, 
the  distance  from  its  centre  of  gravity  to  the  neutral  axis),  wUl 
exert,  in  sustaining  a  load  at  W,  a  strain  of  9  *  5  X  9  *  5  -7-  100 
=  -9026  ton.  Similarly,  D  gives  8-5  X  8-5  -=-  100  =  -7225 
ton :  following  out  the  calculation  in  this  way  throughout,  the 
sum  of  the  whole  series  of  strains  for  that  half  of  the  section 
subjected  to  tension  will  come  out  3*825  tons :  if  the  series  had 
been  infinite  the  sum  of  the  resistances  would  have  been 
Si^tons. 

We  might  have  obtained  the  same  result  more  easily  by 
multiplying  the  whole  area  10,  by  the  mean  strain  5,  and  by 
the  mean  leverage  5,  and  taking  f  of  that  product ;  thus  10  X  6 
X  5  X  J  -f- 100  =  3J  tons,  as  before. 

This  strain  is  due  to  tension  alone,  and  that  due  to  com- 
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pression  being  the  flame  we  obtam  6}  at  W.  If  we  would 
convert  this  case  of  a  cantileyer  loaded  at  one  end,  Fig.  166, 
into  an  equivalent  beam  supported  at  each  end  and  loaded  in 
the  centre,  Fig.  167,  we  have  evidently  a  length  of  200  inches, 
a  strain  of  6}  tons  on  each  prop,  and  a  central  load  of 
13^  tons. 

This  mode  of  calculation  may  be  expressed  by  general  Bules 
which  become : — 

(496.)      W  =  (-^^^KciJx6xT^(Lx4-6). 

(497.)      W  =  {^^^  X  ijx  h  X  0^(L  X  4>5). 

(498)       c_  WxLx4'5 

^      '^  {ci  -  VW  X  L  X  4-64-(T  X  hf  x  h 

/499^      T= y^xJ.Xi'5 

^      '^  {d-  /WxLx4-5-f-(Cx2^}*x6 

In  which  T  s  the  maTinmm   tensile  strain,  or  that  at  the 

extreme  edge  of  the  section,  per  square 

inch. 
0  =s  the  maxinrnm  crushing  strain,  or  that  at  the 

extreme  edge  of  the  section,  per  square 

inch. 
d  =  the  depth  of  rectangular  beam,  in  inches. 
5  =  the  breadth        „  „  „ 

L  :=  length  of  beam,  s\ipported  at  both  ends,  in 

feet. 
W  =  weight  in  centre  of  beam. 

Of  course,  T,  0,  and  W  must  all  be  taken  in  the  same  terms, 
tons,  lbs.,  &c 

(500.)  Applying  rule  (496)  to  the  case  of  the  beam  whose 
strength   was  investigated  analytically  in  (494),  the  Length 
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being  200  inches,  or  16*667  feet,  T  and  0  each  =  10  ion% 
d  =  20  inches,  &  =  1  inch,  we  obtain 

(^^^^■^x20Yxlxl0-r(16'667x4'6)  =  13'833tonB> 

as  before. 

With  a  bar  1  inch  square  and  1  foot  long  of  the  same  material, 
we  obtain 

W  =  (    -^  "^r-.-  X  lY  X  1  X  10-r  (1  X  4-6)  =  -665  ton 

\vio  +  \ao      /  ^         ^ 

breaking  weight  in  the  centre.  This  it  should  be  observed  is 
^th  of  T  or  C,  for  '565  X  18  =  10  tons:— this,  however,  is 
true  only  where  the  tensile  and  crushing  strengths  are  equal  to 
one  another  (638). 

(501.)  But  the  Bules  in  (496),  &c.,  will  apply  to  cases  where 
T  and  C  are  unequal,  which,  as  shown  by  Table  79,  is  the  case 
with  most  materials.  Thus,  with  cast  iron  the  mean  value  of 
T  =  7  *  142  tons  and  of  C  =  43  tons  per  square  inch :  then  a 
bar  1  inch  square  and  1  foot  long  will  break  transversely  with 

(  ,  -  ^^nr^,^  X  lYx  1  X  7-142-1- (1x4-6)  =  -8016  ton, 
\V43+vni2         /  V  /  . 

or  1795  lbs.  in  the  centre.  The  mean  transverse  strength  by 
experiment  is  2068  lbs.  (335),  hence  2063  -^  1795  =  1  - 15,  so 
that  the  calculation  shows  an  error  of  +  15  per  cent. 

Vc 

(502.)  The  equation  -  .      x  ^  gives  the  depth  of  that 

part  of  the  section  subjected  to  tension ;  thus  with  cast  iron 

V43  -  6-557  6-557      _^,  .    - 

X  1»  o' ^TTrcr^ToT^  »  or -^^^  =•  7104  inch ; 


V43  +  V7T42  6-557+2-673'        9-23 

hence  the  depth  of  the  part  subjected  to  compression  must  be 
1  *  0  —  *  7104  =  *  2896  inch,  and  thus  we  obtain  the  position 
of  the  neutral  axis,  as  in  Fig.  168.    Similarly,  the  equation 

Vt 

-= -p^  X  d  gives  the  depth  of  that  part  of  the  section 
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V    *  ^  A  •  *  2-673 

saDjected  to  oompressioii,  or  in  oar  case  HTft7o"X~fi7Kft7 '   ^' 

2  673       ^^^^  .    , 
-K-E^7^  =  '2896  inch,  as  before. 
9*23 

Again,  with  Ash,  T  =  16576  lbs.,  and  0  =  9023  lb&  per 

sqnare  inch,  and  a  bar  1  inch  square  will  have  as  the  depth 

,.,,..      .  V^9023 96 

sabjeoted  to  tension  =    .         ,  ,  or  ^^   .   ^^^  -,  or 

^  V9023  +  VT6676  •       95  +  128-7' 

95 
qnoTTf  == ' ^^7  inch,  hence  the  depth  subjected  to  compression 

mast  be  1-0  —  -4247  =  *5753  inch,  and  we  thns  obtain  the 
position  of  the  nentral  axis,  as  in  Fig.  169. 

Of  all  known  materials,  glass  gives  the  greatest  inequality 
of  T  and  0,  their  ratio  to  one  another  being  1  to  11  -  78,  as 
shown  by  col.  3  of  Table  79.    With  T  =:  2560  lbs.,  and  0  = 

30150  lbs.  per  sqnare  inch,  the  equation  -= =- becomes 

a/80160  173-6  173-6       _^^ .    ^ 

V30I50  +  V2560' """  173^6  +  50^ '  ^'  224^2  =  * ^^^^ "^^^' 
which  is  the  depth  subjected  to  tension,  hence  1-0  —  *7734  = 
-2266  inch  for  the  depth  subjected  to  crushing,  and  we  thus 
obtain  the  neutral  axis,  as  in  Fig.  170. 

(503.)  The  rule  (498)  for  finding  C,  is  of  special  value  as 
applied  to  malleable  materials  such  as  Wrought  Iron,  Steel, 
Gun-metal,  and  Brass,  whose  resistance  to  crushing  cannot  be 
determined  with  precision  by  experiments  conducted  in  the 
usual  manner,  namely,  by  crushing  small  specimens  by  direct 
pressure,  because  the  ductile  and  semi-fluid  character  of  such 
metals  enables  them  to  flaw  or  expand  laterally  under  pressure 
to  an  almost  unlimited  extent,  instead  of  crushing  suddenly 
into  fragments  as  cast  iron  and  similar  materials  do  (133). 

(504.)  "  Wrought  Iron."--In  applying  the  Eules  (496),  <fec., 
to  such  materials  we  obtain  the  apparent  rather  than  the  real 
tensile  and  crushing  strengths  ;  at  least  this  is  true  with  heavy 
strains  approaching  the  ultimate  or  breaking  loads.  It  is 
assumed  in  the  analytical  investigation  in  (494)  that  the  exten- 
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sions  and  compressions  are  proportional  to  tbe  distance  from 
the  neutral  axis,  and  that  the  tensile  and  crashing  strains  are 
simply  proportional  to  the  respective  extensions  and  compres* 
sions.  This  last  assumption  is  practically  correct  for  light 
strains  or  eren  op  to  half  the  ultimate  weight,  with  wrought 
iron  and  steely  hut  is  very  far  £rom  the  truth  with  heayier 
strains  as  shown  hy  Tahle  95 :  plotting  col.  3  in  a  diagram  and 
eliminating  the  anomalies  of  experiment  by  a  mean  coiTe  we 
obtain  for 


14 


15        16        17        18 


19 


20        21        22        28        24 


tons  per  square  inch,  the  approximate  extensions  in  parts  of  the 
length,  cleared  as  fSur  as  possible  from  the  efifect  of  time  (621), 
are 
•002    0035    0054  -0076  -0102  -0132  •0164  -0198     -024     -03     '038 

The  extensions  for  lower  strains  are  given  by  coL  4  of 
Table  96. 

(505.)  Let  Fig.  203  be  the  section  of  a  bar  of  wrought  iron 
below  the  neutral  axis  when  strained  as  a  beam  up  to  the 
point  uf  rupture,  tiie  maximum  strain  or  that  at  B  being  say 
24  tons  per  square  inch.  Now,  if  the  strains  were  simply  as 
the  extensions,  we  should  have  the  series  given  by  col.  A  in 
that  figure,  proceeding  with  which  as  in  (495)  we  obtain 
column  X. 


rei 

k    LevOT. 

Strain. 

X. 

Area.  LeT«r. 

Strain. 

z. 

X      1    X 

1-5 

= 

15 

1    X      1    X 

14-25 

= 

14-25 

X     8  X 

4-5 

= 

13-5 

1    X      3    X 

16-70 

=r 

50-10 

X    5  X 

7-5 

= 

37-5 

1    X      5    X 

18-63 

= 

92-65 

X     7  X 

10-5 

zs 

78-5 

1  X    7  X 

19-55 

S 

136-85 

X    9  X 

13-5 

^ 

121*5 

1  X     9  X 

21-28 

=: 

191-52 

X    11    X 

16-5 

= 

181-5 

1    X    11    X 

22-25 

= 

244-75 

X  18  X 

19-5 

= 

253-5 

1  X  13  X 

23-00 

^ 

299-00 

X  15  X 

22-5 

^ 

837-5 

1   X  15   X 

23-70 

^■^ 

855-50 

1020  0 

1384-62 

Thus  taking  B  C  and  assuming  the  area  =  1  *  0,  as  we  require 
proportional  numbers  only,  the  mean  strain  at  D  becomes  22  *  5, 
and  the  leverage  =  15,  hence  we  obtain  1  X  15  X  22*5  =  337-5, 
Ac.,  Sic,,  as  in  column  X. 
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But  by  (504)  the  extension  at  £  dae  to  24  tons  =-038, 
therefore  at  E,  or  half  the  distance  from  the  neutral  axis,  we 
obtain  *  038 -7- 2  s  *019,  which,  by  the  series  of  strains  and 
corresponding  extensions  in  (504),  is  due  to  a  strain  somewhere 
between  20  and  21  tons:  by  interpolation  we  find  the  exact 
strain  to  be  20*76  tons,  as  in  the  figure.  Similarly  at  F,  which 
is  ^th  of  the  distance  of  B  from  the  neutral  axis,  we  obtain 
•  038  -T-  4  =  •  00115,  which  is  between  17  and  18  tons :  by  inter- 
polation we  obtain  17  *  73  tons,  as  in  the  figure.  Calculating  in 
this  way,  we  have  obtained  the  column  N :  then  taking  £,  G  as 
before,  we  have  1  x  15  x  23  •  7  =  355  •  5,  &c.,  Ac,  as  in  col.  Z. 

(506.)  The  result  is,  that  although  the  maximum  strain  at  B 
is  the  same  in  both  cases,  namely  24  tons,  the  mean  resistance 
by  col.  Z  is  greater  than  in  col.  X  in  the  ratio  1  to  1384*62 
-7- 1020  =  1  *  36  nearly,  or  36  per  cent.  Therefore,  if  we  would 
calculate  wrought-iron  bars  by  the  rules  in  (496),  &c.,  we  must 
take  tk  fictitious  value  for  the  maximum  strain  at  B,  which  would 
become  in  effect  24  x  1*36  =  32*64  tons  per  square  inch. 
Thus,  while  the  real  maximum  tensile  and  crushing  strain 
=  24,  the  apparent  strain  by  the  ordinary  rules  is  =  82  *  64 
tons  per  square  inch :  see  (133). 

The  near  approach  to  equality  in  the  strains  throughout  the 
section,  as  shown  by  col.  N  in  Fig.  203,  is  remarkable :  thus  at 
G,  -x^th  of  the  distance  of  B  from  the  neutral  axis,  the  strain 
instead  of  being  24-4-16  =  1  *  5,  is  14*  25  tons  per  square  inch. 

By  (374)  it  is  shown  that  a  bar  of  wrought  iron  1  inch  square 
and  1  foot  long  between  bearings,  and  loaded  as  a  beam,  will 
break  down  (so  far  as  that  point  can  be  definitely  fixed)  with 
4000  lbs.  or  1-786  ton  in  the  centre.  By  the  rule  in  (638)  this 
is  equivalent  to  1  *  786  X  18  =  32  *  15  tons  per  square  inch 
maximum  strain  at  the  top  and  bottom  edges  of  the  section, 
which  far  surpasses  25*7  tons,  the  mean  tensile  strength  of 
British  bar-iron,  as  determined  by  direct  experiment  and  given 
by  Table  1.  But  32  *  15  is  the  apparent^  not  the  real,  strength  of 
the  iron,  which  by  the  ratio  in  (506)  is  reduced  to  82*15 
-2-1-36  =  24  tons,  differing  24-^25*7  =  -934  or  1*0  --934 
=  *  066,  namely  6  -  6  per  cent,  only  from  the  tensile  strength  by 
direct  experiment  (520)< 

T  2 
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With  lower  strains,  say  half  the  nltimate  strength  or 
24  -7-  2  =  12  tons  per  square  inch,  the  elasticity  of  wrought 
iron  is  practically  perfect  that  is  to  say,  the  stndns  are  simply 
proportional  to  the  extensions  or  to  the  distances  from  the 
neutral  axis  N.  A.  We  should  then  have  the  rcUios  given  by 
col.  X  in  (505),  which  gives  1020  with  the  full  strain,  therefore 
1020  -7-  2  =  510  with  half  the  ultimate  strength,  and  by  col.  Z 
1384*62  with  the  full  ultimate  strain:  hence  the  ratio  becomes 
1384-62 -=- 510  =  2-72  to  1-0:  while,  therefore,  we  double 
the  maximum  strain  (namely  12  to  24  tons),  we  increase  the 
mean  apparent  strain  not  to  double  only  or  to  2,  but  to  2*72  or 
to  2  -  72  X  12  =  32  *  64  tons,  being  the  same  as  in  (506). 

(507.)  "i^^cc/."— Applying  the  rules  in  (496),  &c.,  to  steel,  we 
obtain  results  analogous  to  those  we  have  found  for  wrought 
iron :  for  example,  a  bar  1  inch  square  and  1  foot  long  breaks 
down  with  6720  lbs.,  or  3  tons  in  the  centre,  as  shown  in 
(870).  By  Table  1,  the  mean  tensile  strength  of  a  steel  bar 
=  47*8  tons  per  square  inch:  then  the  Bule  (498)  becomes 

3x1x4-5  a^  AQ4- 

C  =  7 x2 =  6X  '48  tons  per 

(l  -  V3  X  1  X  4-5-i-(47-8  X  1}    X  1 

square  inch  apparent  crushing  strength.  What  the  real  crush- 
ing strength  may  be  we  have  no  means  of  determining  exactly, 
because  the  compression  of  steel  by  that  strain  is  not  accurately 
known ;  but  by  the  experiments  on  steel  pillars,  the  mean 
resistance  to  crushing  seemed  to  be  52  tons  per  square  inch 
(268).  If  we  admit  this  to  be  the  real  strain,  and  61*48  tons 
the  apparent  strength  under  transverse  strains,  we  have  the 
ratio  61  -  48  -4-  52  =  1  - 18,  or  18  per  cent,  diflferonoe,  being  half 
of  that  obtained  for  wrought  iron  under  similar  strains. 

(508.)  Table  79  gives  the  results  of  the  rules  in  (496),  Ac, 
as  applied  to  many  different  kinds  of  materials,  compared  with 
the  transverse  strength,  &c„  as  found  by  direct  experiment. 
The  values  of  T,  C,  and  W  are  ta'.ien  from  Tables  1, 31,  32,  66, 
(l-c. ; — the  ratios  of  T  to  C,  as  given  by  ool,  3,  vary  from  1  to 
•34  with  Willow,  to  1  to  11*78  with  Glass,  and  although  therq 
are  in  col.  6  departures  from  uniformity,  they  are  not  greater 
than  mi^ht  be  expepted  under  such  eztpQmely  yariable  (^ndi« 
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Table  70. — Of  the  Connection  between  the  ulti'nate  Tbanbversb 
Strrngth  of  Matebials,  Bud  the  Tensile,  and  Cbushinq 
Stbengths. 


f^f^rtmi 


Cast  Iron      

„        Stirling's  No  2 

fi         No.3 

Wrought  Iron:  working\ 

8teel:  working  load 
Gun-metal    .. 

Brass     

Glass     

Slate      


Ixmgitndinal  Strength  in  Lbe. 
per  SqiiAre  Inch. 


Tcnsfle, 
T. 


1 


Alder 

A»h 

Beech 

Deal 

Larch 


Mahogany  . 
Oak,  English 
Pine,  yellow  . 

n    red 

,»    pitch    , 

Syoamoze  • 
Teak  ..  • 
Willow  .•     . 


•• 


•• 


•• 


16,000 
25,764 
28,461 

23,940 

60,480 

31,360 

17,970 

2,560 

2,666* 

14,186 
16,576 
14,822 
17,850 
9,560 

10,818 
12,332 
13,300 
13,300 
13,300 

13,000 
15,090 
13,250 

0) 


Chuhlng. 

a 


96,320 
119,457 
129,876 

23,940 

60,480 

34,652* 

24,0<»0* 

30,150 

12,062 

6,896 
9,023 
8,548 
6,602 
4,385 

8,198 
8,271 
5,410 
6,457 
6,790 

8,144 

10,706 

4,513 

(3) 


Ratio. 
C4-T. 


6  02 
4-64 
5-54 

1-00 


Transverse  Strength  oft 

Bar  1  inch  Square, 

1  Fout  Long. 


1 
1 
1 


00 

105 

335 


11-78 
4-52 

•483 
•544 
•577 
•370 
•459 

•758 
•670 
•407 
•486 
•510 

•626 
•709 
•340 
(3) 


By 

Experi- 
ment, ]£. 

By 
Bule.K. 

EiTor.] 
cent, 

2063 

1795 

-15- 

2835 

2666 

-  6- 

2272 

2568 

+  13 

1330 

1330 

0- 

3360 

3360 

0- 

1830 

1830 

0- 

1150 

1150 

0- 

262 

340 

+30- 

421 

421 

0- 

530 

5{!i 

+  2- 

681 

673 

-  1- 

558 

613 

+  10- 

615 

507 

-  7- 

380 

346 

-  9- 

589 

514 

-12- 

509 

556 

+  9- 

428 

448 

+  4- 

491 

498 

+  1- 

577 

;»14 

-10- 

535 

566 

+  5- 

724 

700 

-  3- 

365 

347 

-  4- 

(4) 

(6) 

(«) 

0 

0 
0 


0 
0 
0 
0 
0 

85 

17 

00 

8 

0 

73 
2 

7 
4 
92 

8 

32 

93 


NoTB— The  yalaes  marked  *  have  been  oalciiIafaKi  from  the  teaasverse  strengths  in 

tioncu    The  Bnin  of  all  the  -f-  errors  in  coL  6  is  76*95,  and  of 
the  —  errors  is  70*87,  giving  an  average  of  (76'95  —  70*87) 
•4-  22  =  +0' 276  per  cent  on  the  22  experiments :  the  greatest 
+  error  was  +-  80  per  cent,  with  Glass,  and  the  greatest  — 
error  was  —  15  per  cent,  with  Oast  Iron. 

(509.)  It  will  be  interesting  and  instructive  to  observe  the 
effect  on  the  transverse  strength,  of  variations  in  the  Tensile 
and  Crushing  strengths: — for  instance,  if  bj  mixture  of  metals 
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or  otherwise  we  could  double  the  value  of  both  strains,  no  doubt 
the  transverse  strength  would  be  doubled  also ;  but  the  question 
is,  what  would  be  the  effect  of  a  given  alteration  in  one  of  thosQ 
strains  only  ? 

Table  80  has  been  calculated  by  the  rules  in  (496),  d^c,  and 
shows  the  effect  <»f  changing  the  value  of  T  and  C  from  7  and 
42  tons  per  square  inch  respectively  (which  are  nearly  the 
mean  strengths  of  ordinary  cast  iron)  to  14  and  7  tons.  Thus 
if  T  could  be  doubled  or  increased  to  14  tons,  while  C  remained 
at  its  normal  value  of  42  tons,  the  increase  in  the  Transverse 
Etrength,  as  shown  by  col.  5,  would  be  63  *  3  per  cent.  If^  on 
the  other  hand,  with  T  at  its  normal  value  of  7  tons  per  square 
inch,  C  is  reduced  to  7  tons  also,  the  transverse  strength  would 
be  reduced  to  ^4962,  or  about  half  its  normal  value ;  when,  as 
in  (500)  and  (638),  the  transverse  strength  is  y^^th  of  T  or  C; 
for  by  col.  4,  *  389  X  18  =  7  tons,  &c.  A  practical  example  of 
this  is  given  by  Stirling  s  iron  in  (939),  where  it  is  shown  that 
the  effect  of  Stirling's  process  is  to  increase  the  tensile  strength 
74  per  cent^  and  the  crushing  strength  30  per  cent,  the  result 
being  an  increase  of  60  per  cent,  in  the  transverse  strength  by 
experiment,  and  59  per  cent,  by  calculation  with  the  rules  in 
(496),  &0. 

Table  80. — Of  the  Tbaksvebse  Stbength  of  Cast  Ibon,  &c.,  as 
affected  by  varyiog  Tensile  and  Crushing  Streogth. 


Transrene  Strength. 

Tensile, 
Tons. 

Crnshtng, 
Toiw. 

Katlos. 

BstkM. 

Lbe. 

TOIIK. 

7 

7 

871 

•3890 

•4962 

1-000 

7 

14 

1195 

•5344 

•6816 

1-372 

7 

21 

1400 

•6251 

-7973 

1-674 

7 

28 

1548 

•0909 

•8S12 

1-777 

7 

»5 

1664 

•74-^7 

•9473 

1-911 

7 

42 

1753 

•7810 

1-0(00 

2  016 

8 

42 

1926 

•8600 

1-097 

2-2U 

10 

42 

2i'58 

1*008 

1-286 

2-592 

12 

42 

2538 

1-133 

1-445 

2-914 

14 

42 

2867 

1-280 

1-633 

3-291 

0) 

(2) 

(3) 

(0 

(5) 

(6) 

TENSHJE  AND  OBUBHINa  8TBAINS  IN  BBAKfiL  279 

T&lEOREnCAL  BULES. 

(510.)  Theoretical  writers  have  giyan  mlee  connecting  the 
transyerse  strain  on  a  beam  with  the  tensile  and  crushing 
strength  of  the  material,  based  on  the  assumption  that  the  two 
latter  are  equal  to  one  another,  and  that  the  extensions  and 
compressions  under  those  strains  are  also  equal.  This,  however, 
is  not  true  of  any  material  (61 H)  when  the  strains  are  very  heavy 
or  approach  the  breaking  weight;  but  with  the  working  loads 
commonly  adopted  in  practice,  say  ^ih  to  ^rd  of  the  breaking 
weight,  those  rules  are  nearly  correct,  and  become  of  con- 
siderable ralue.  With  very  heavy  strains  other  rules  become 
necessary,  and  are  given  in  (323). 

(511.)  For  solid  square  sections  of  beams  we  have  the  rules :— 

8  X  I 

8  X  W  X  ? 
•^  ~      2  X  D»     • 

(512.)  For  hallow  square  sections  }— > 

/x2x(D^-cf*) 
"^  "         S  xlxB        * 

^_8  X  W  X  ?  X  D 

^        2  X  (D*  -  d*)   • 

(513.)  For  solid  Bectangular  sections  :-* 

^     /x2xD*xB 
^  = 8in 

-^  8  X  W  X  ^ 
^      2xD*xB* 

(514  )  For  hollow  Bectangular  sections  :-^ 

/X2x{iy  xB)-(d'x!>} 
^^  3xlxD 
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/=         8  X  W  X  1  X  D 

2x{iy  xB)-.(d»x5}* 

(515.)  For  solid  circnlar  sectioiis : — 

---      3-1416  x/xR« 
W- J 

. Wx  I 


3-U16  X  R* 
(516.)  For  hollow  circular  sectionB: — 


^^3'U16  x/x(R*->»0 

E  X  i 

- Wx  Zx  R 


3-1416  X  (R'-r*) 

(517.)  For  solid  elliptical  sections : — 

^3-1416  X/XRJXR, 

. Wx« 

/  ■"  ft. 


3-1416  X  RJ  X  Rb* 


(518.)  For  hollow  elliptical  sections:— 

8-1416  X/  X  {RI  X  Rb)  -  (r»o  X  Tj) 

^  = n^R^^ 


Wx  ^X  Rd 


3-1416  X  (R'd  X  Rb)  -  (ri  X  r^} 

In  which  /  s  the  maximnm  strain  per  square   inch  at  the 

extreme  upper  and  lower  edges  of  the  section, 
usnallj  tensile  at  the  lower  edge  and  crushing 
at  the  lower  one,  and  in  the  same  terms  as  W« 
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Yf  =  the  transverse  load  in  the  centre  of  a  beam 
supported  at  both  ends  in  lbs.,  tons,  &c.,  in- 
clading  the  weight  of  the  beam  itself  reduced 
to  an  equivalent  central  load  (785). 
D  =  the  external  and  d  =  the  internal  depth  in  inches. 
B  =  „  6  =  „       breadth      „ 

R  =  „  r  =  „        radius       „ 

Eds  „  rD=  „        radius  or   ver- 

tical      semi- 
diameter. 
Bb>*  ,1  r^^  n        radius  or  hori- 

zontal   semi- 
diameter. 
2  =  the  length  or   distance   between  supports,    in 
inches. 

(519.)  We  may  now  give  some  illustrations  of  the  applica- 
tion of  these  rules : — Say  we  have  a  bar  of  wrought  iron  1  inch 
square  and  1  foot  long,  and  assuming  that  the  maximum  strain 
/  shall  not  exceed  12  tons  per  square  inch,  which^  as  shown  by 
the  Diagram  215,  is  about  the  limit  of  perfect  elasticity  for  both 
the  tensile  and  compressive  strains,  we  may  find  the  equivalent 

12  X  2  =  1* 
traofiverse  strain  W  by  rule  (511),  which  becomes   — ^ — ~pr-- 

•^  ^       -"  8  X  12 

24 

or  o7  =  *  ^^^"^  ^^  ^^  1^00  1^*  ^  ^^  centre, 
oo 

If  the  bar  had  been  a  round  one,  then  R  =  0*5,  and  *5' 
being  ^25, Rule (515)  becomes  ?lMiiJii^_X_:125  ^    ^^^7 

ton  in  the  centre.  Hence  the  ratio  of  the  strengths  of  square 
to  round  bars  is  -6667  -5-  -3927  =  1-7  to  1-0.  This  is  pro- 
bably the  correct  ratio  for  light  strains,  and  nearly  so  for  all 
Btrahis  with  materials  whose  elasticity  is  nearly  perfect,  such 
as  steel  and  wrought  iron,  but  with  cast  iron  and  timber,  as 
shown  in  (861),  (862),  the  ratio  with  the  breaking  weights  is 
more  nearly  1  *  5  to  1 '  0. 

(520.)  By  col.  6  of  Table  66,  the  working  load  for  a  plain 
bar  of  wrought  iron  1  inch  square  and  1  foot  long  s  *594  ton  in 
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the  centre ;  by  Rule  (511) /becomes  in  that  case ^ ---5 

^  X  1 

•694  X  36         ^..       ,0       ,.  _^  .    , 

or  o »  ^'  '^^^  X  18  =  10*7  tons  per  square  inch. 

But  if  we  apply  the  same  mle  to  extreme  strains  in  wronght 
or  oast  iron  bars,  we  obtain  a  fictitious  value  for  /,  for  reasons 
given  in  (504),  &c. ;  for  example,  Table  66  gives  4000  lbs.  or 
1  •  786  ton  for  the  value  of  M^  for  the  breaking-down  load ; 
hence  1  •  786  X  18  =  32  •  15  tons  per  square  inch,  the  apparent 
value  of  /,  which  being  36  per  cent,  in  excess  of  the  real  value, 
as  shown  in  (506),  the  latter  becomes  32'  15  -7- 1  *  36  =  24  tons 
per  square  inch. 

It  w'U  be  observed  that  in  these  oases  /  =  W  X  18  simply 
(639),  but  that  rule  will  apply  to  those  cases  only  where  the 
tensile  and  compressive  strains  are  equal  to  one  another  for 
b  irs  1  inch  square  and  1  foot  long,  &c.,  but  will  not  be  correct 
for  cast  iron  where  those  strains  are  very  unequal.  For  example, 
a  bar  of  cast  iron  1  inch  square  and  1  foot  long  breaks  with 
•92  ton  in  the  centre  (335) ;  hence/  =  -92  X  18  =  16-56i»n8 
per  square  inch.  But  this  is  neither  the  true  tensile  nor  crushing 
strength  of  cast  iron,  which,  as  found  by  direct  experiment,  is 
7*142  and  43  tons  respectively.  In  applying  these  rules  to 
cast  iron,  /  must  be  taken  at  the  apparent  value  of  16  *  56  tons 
per  square  inch  in  calculating  the  breaking  loads  (504). 

(521.)  The  meaning  of  this^c/t /tou«  value  of /is,  that  if  the 
transverse  strength  =  *92  ton,  and  the  tensile  and  crushing 
strengths  are  equal  to  one  another,  then  the  value  of  both  would 
be  16*56  tons  per  square  inch;  by  Bule  (496)  we  then  obtain 

( — ^  ^^'^f     -  -  X  lYx  Ix  16*56  4- 4-6  =-92  ton. 

^Vl6*56  +  V  16*56        / 

By  taking  16*56  tons  for  the  value  of  /,  the  rules  in  (510) 
coincide  in  their  results  with  those  in  (323),  with  *92  for  the 
value  of  Mt  in  rectangular  sections,  and  * 92  -7-  1*7  s  *5412 
for  circular  and  elliptical  sections.  Thus,  for  the  hollow 
rectangular  beam,  Fig.  75,  we  found  in  (347)  and  by  rule  (330) 
the  breaking  weight  s  3*558  tons:   by  Bule  (514)  we  havo 
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16-56  X  2  X  {4-04»  X  2-21)  -  (3-29*  x  1-46} 
W  = L_____ 1  ^  8.668 

tons  also. 

(522.)  Fig.  201  gives  the  section  of  six  elliptical  beams 
experimented  upon  by  Mr.  E.  Clark ;  the  length  was  6  feet, 
the  maximum  breaking  weight  =  8*695  tons;  the  minimum 
=  2*918  tons,  and  the  mean  of  the  whole  s  3*207  tons.  By 
rule  (518)  we  obtain 

3*1416  X  16*56  x(2*33»x  1*165)-(1*955»  x -79) 
^>  -  72  X  2-33  ■ 

2  •  738  tons.    By  Rule  (334)  we  have 

(4*66»  X  2*33)-(3*91»  x  1-58)         ^,,^      ^      ^  ^^^ 
W  =  ^ jTgg X  -5412  -T-  6  =  2*736 

tons,  or  practically  the  same  as  the  other ;  if  we  take  '92-^1-6 

s  '6133  for  the  value  of  Mt9  the  ratio  1  *5  to  1*0  being,  as  we 
have  shown  (361),  nvore  correct  than  1  *  7  to  1  •  0  for  the  breaking 
weight,  W  comes  out  3  *  099  tons ;  experiment  gave  3  *  207  tons, 
hence  3*099-^3*207  =  -9664,  giving  an  error  of  1*0  ^  * 9664 

s  *0336  or  —  3*36  percent. 

For  some  reason  the  analytical  method  followed  in  (348)  does 
sot  give  correct  results  in  this  case ;  the  area  of  the  section 

=  3  *  676  square  inches,  the  maximum  tensile  strain  at  A  =  7*14 
tons  per  square  inch,  and  the  mean  at  B  =  3  *  57  tons ;  hence 
(3-76  X  3*57  X  i  X  2*33  -^  36)  x  2  =  2*265  tons,  showing 
an  error  of  —  30  per  cent. 

(523.)  If  we  take  for  cast  iron  the  working  or  safe  tensile 
strain  at  ^rd  of  the  Iveaking  weight,  /  becomes  7*142  -^  3 

=  2*381  tons  per  square  inch.  Table  92  shows  that  with 
2  *  355  tons  the  extension  and  compression  are  precisely  equal  to 
one  another.  In  that  case  the  neutral  axis  of  a  rectangular 
section  will  be  in  the  centre  and  the  strain  at  the  top  and 
bottom,  or  /  will  also  be  equal,  namely,  2*355  tons  per 
square  inch.  Under  these  conditions  the  rules  in  (510;  are 
quite  correct,  as  we  have  shown  (617),  and  by  Bule  (511)  we 

obtain  W  «  1       ,o     -  ^^  2*355  -J- 18  =  •13Utonintiie 

3  X  12 


284  BOOFS:  loads  Ain>  btbaikr. 

centre  only.  The  hreciking  load  by  experiment  «=  -92  ton,  or 
*92  4-  '1314  =  7  times  the  working  load  as  thus  fonnd,  so  that 
to  secure  the  equality  of  strains  on  which  the  rules  in  (610)  are 
based,  the  transverse  load  must  not  exceed  i^th  of  the  breaking 
weight,  the  tensile  strain  being  then  ^rd  and  the  oompressiye 
strain  -^Qi  of  their  respective  breaking  weights. 

(524.)  As  the  transverse  load  is  increased,  the  neutral  axis 
moves  towards  the  edge  under  compression  until  the  breaking 
weight  is  reached,  when  it  becomes  as  in  Fig.  168.  When  the 
bar  is  loaded  to  ^rd  of  the  breaking  weight  or  *  3067  ton,  it  is 
not  correct  to  assume  that  the  tensile  and  crushing  strengths 
are  also  strained  to  ^rd  of  their  respective  ultimate  resistances, 
but  that,  on  the  contrary,  the  tensile  resistance  is  much  more, 
and  the  crushing  much  less  than  ^rd  of  their  ultimate 
values  (366),  (617). 

(625.)  In  calculating  the  breaking  weights  on  beams  by  the 
rules  in  (610)  it  is  therefore  necessary  to  take  a  ficfiiiotu  value 
for  /  as  we  have  done  for  cast  iron  (620);  thus  for  glass, 
coL  4  of  Table  79  gives  W  -  262  lbs.,  therefore  /  must  be 
taken  at  262  x  18  ==  4716  lbs.,  whereas,  by  cols.  1  and  2,  the 
real  values  of  T  and  C  =  2560  and  30,160  lbs.  respectively. 
Again,  for  Ash  by  the  same  Table,  W  =  681  lbs.  by  col.  4, 
therefore  /must  be  taken  at  681  x  18  =  12260  lbs.,  the  real 
values  of  T  and  0  being  16,576  and  9023  lbs.  respectively. 


CHAPTEB  Xm. 

ON  BOOFS. 


(626.)  **Load  on  Boo/k."— The  load  on  roofe  is,  1st,  the 
weight  of  the  roof  itself,  and  2nd,  the  vertical  pressure  due  to 
the  Wind.  The  weight  of  the  materials  of  the  roof  is  not 
simply  proportional  to  the  span  or  area,  but  increases  more 
rapidly  than  either ;  it  is  composed  Ist,  of  the  weight  of  the 
principals  or  trusses ;  2nd,  of  the  purlins,  &c. ;  and  3rd,  of  the 
slates  or  other  covering.    It  is  shown  in  (490)  that  the  ratio  of 
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the  weight  of  a  beam  or  trtuss  to  its  safe  load  rises  with  the 
dimousions,  and  that  to  such  an  extent  that  there  is  with  every 
beam  a  length  with  which  it  would  break  with  its  own  weight 
and  could  carry  no  extra  load  whatever.  Then  the  ratio  of  the 
weight  of  the  purlins,  &c.,  to  the  area  rises  with  the  span  also, 
b'jcause  it  is  found  expedient  to  increase  the  distance  between 
the  principals  for  large  roofs;  for  instance,  with  roofs,  say, 
60  feet  span,  the  pitch  of  the  principals  would  be  from  7  to 
10  feet,  but  with  very  large  roofs  it  might  be  80  feet ;  with 
Biich  a  distance  the  strength  of  the  cross-beams,  purlins,  &c., 
must  be  very  great  as  compared  with  those  for  small  roofs. 
The  weight  of  the  slates,  <&c.,  would  be  constant  for  all  spans, 
and  may  be  taken  at  10  lbs.  per  square  foot. 

'*  Wind,** — ^The  horizojital  force  of  the  wind  in  the  greatest 
hurricane  in  this  country  is  80  lbs.  per  square  foot,  but  the 
vertical  pressure,  with  which  we  have  to  deal,  is  a  very  un- 
certain one  :  it  has  usually  been  taken  at  40  lbs.  per  square  foot. 

1 527.)  Say  we  take  a  roof  60  feet  span  with  trusses  8  feet 
apart,  eaclj  truss  therefore  carries  60  x  8  =  480  square  feet  of 
roof ;  now  the  weight  of  a  truss  for  such  a  case  would  be  about 
22  cwt.  or  2464  lbs.,  and  is  <quivalent  to  a  pressure  of 
2164  -7-  480  =  5  lbs.  per  square  foot;  the  weight  of  the 
purlins  may  be  taken  at  5  lbs.  and  of  the  slates  z:  10  lbs.  per 
square  foot ;  then  allowing  40  lbs.  for  wind,  we  obtain  a  total 
pressure  of  6  +  6  +  10  +  40  =  60  lbs.  per  square  foot. 

( 528.)  For  very  large  roofs  we  may  take  as  an  example  the 
St.  Pancras  Station  roof,  where  the  straining  weight  of  the  truss, 
240  feet  span,  =  85  tons  or  78,400  lbs.,  the  distance  between 
the  trusses  was  80  feet,  the  area  of  roof  borne  by  each  truss, 
measured  onplan^  becomes  240  x  80  =  7200  square  feet,  equiva- 
lent to  78,400  -r-  7200  =  9  •  2,  or  say  10  lbs.  per  square  foot. 

The  weight  of  the  covering  of  slates,  purlins,  (Src,  with 
large  roofs  is  very  great,  for  reasons  already  given ;  thus  at 

New  Street,        Charing        Cannou        Lime  Street,        «.  Pftupraa. 
Birmingliam,        Cro*i,  Street,  Liverpool,  du  i-aucras, 

the  spans  being : 

m  1C9  100  812  940  feel 
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respectively,  tbe  estimated  weight  of  the  ooyerings,  as  giyen  bj 
Mr.  W.  H.  Barlow,  was :  — 

20  87  87  88  36  lbs. 

per  sqoare  foot.    The  weight  of  the  principals  being : — 

25  27  87  44  54  tons. 

(529.)  In  the  St.  Pancms  roof  the  estimated  total  pressure, 
exclnsive  of  the  strain  due  to  the  weight  of  the  truss  itself,  was 
taken  as  70  lbs.  per  square  foot ;  the  truss,  as  we  have  seen, 
s  10  lbs.,  hence  the  total  =  80  lbs.  per  square  foot,  leaving 
84  lbs.  for  the  vertii  cU  pressure  of  the  wind.  We  thus  have, 
truss  =  10,  covering  =  36,  wind  =  84,  and  the  total  =  80  lbs. 
per  square  foot. 

For  ordinary  roofs,  say  60  to  70  feet  span,  we  may,  for  con- 
venience of  calculation,  take  the  total  pressure  at  56  lbs.  or 
J  cwt,  or  ^th  ton  per  square  foot,  being  5  lbs.  for  weight  ol 
^nss,  5  lbs.  for  purlins,  &c.,  10  lbs.  for  slates,  and  86  lbs.  for 
wind.  Large  roofs,  however,  should  in  all  cases  be  subjected 
to  special  calculation. 

(530.)  "  Strains  on  Boofs.'^—'Lei  Fig.  179  be  an  outline  of  a 
truss  of  the  form  commonly  adopted  for  wooden  roofs  of  small 
span,  in  which,  for  the  purposes  of  calculation,  we  have  taken 
the  strain  as  concentrated  at  certain  points  :  ioT  example,  if  the 
weight  of  that  part  of  the  rafter,  purlins,  slates,  <&c.,  between 
n  and  p  =  10,  then  half  of  that  weight  or  5  is  discharged  at  n, 
and  5  at  jp.  Similarly  the  part  between  m,  n  gives  5  at  m  and 
5  at  p,  &c.,  &o. :  we  thus  obtain  10  at  each  point,  except  at 
the  ends  where  we  have  5  only,  which  last,  being  discharged 
direct  on  the  supports,  will  have  no  effect  in  straining  the  trusa 

In  order  to  analyse  the  combined  effect  of  these  weights,  we 
may  take  them  separately.  In  Fig.  176,  the  weight  A  =  10, 
evidently  gives  5  at  B,  and  5  at  C :  then  by  the  parallelogram 
of  forces,  making  a,  &  =  5  by  a  scale  of  equal  parts,  that  force 
is  resolved  into  two  forces  a,  <2  =  11*18,  and  a,  c  =  10,  hence 
the  strain  on  the  rafter  E  s  11*18,  and  that  on  the  tie-rod 
D  =  10  by  the  same  scale. 

In  Fig.  177,  a  weight  of  10  at  G  gives  7*5  at  H,  and  2*5  at 
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J,  being  1^  and  ^  respectively  of  0  and  B,  we  therefore  obtain 
11-18  X  li  =  16-77  at  K;  10  x  IJ  =  16  at  L;  1118-7-2 
=  5-59  at  M  :  and  10  -r  2  =  5  at  P.  As  N  has  to  bear  the 
ihmst  of  M,  and  at  the  same  angle,  the  strain  on  it  will  be 
5*59  also.  Of  the  strain  on  £[,  5*59  is  evidently  due  to  N, 
leaving  16-77  -  5-59  =  11*18  due  to  O,  which,  being  at  the 
same  angle  as  K,  will  bear  11*18  also.  To  find  the  strain  on 
Q  we  make  «, /  =  11  - 18,  and  drawing  A, /horizontal,  A,  6  =  5, 
which  is  the  strain  on  Q. 

Fig.  178  is  a  counterpart  of  Fig.  177,  except  that  the  load 
being  now  at  B,  the  several  strains  are  as  before,  but  in  reversed 
order. 

Now,  combining  the  corresponding  strains  in  Figs.  176,  177, 
178,  we  obtain  the  combined  effect  of  the  whole  in  Fig.  179 : 
thus,  at  S  we  have  11-18+5-59  +  5  59  =  22*36:  at  T, 
1118+  16-77  +  5-59  =  83-54,  &c.,  Ac 

(531.)  To  facilitate  the  application  of  these  strains  to 
practice,  we  may  easily  find  what  they  would  be  for  a  total 
weight  =  100,  including  the  weight  of  the  truss  and  of  the 
other  parts  of  the  roof  plus  the  vertical  pressure  of  the  wind. 
Thus,  in  Fig.  179,  the  total  load  =  40,  then  by  proportion,  for 
a  total  load  of  100,  we  should  have,  as  in  Fig.  180,  83'54  x 
100^40  =  84  at  T:    22-36  x  100-^40  =  56  at  8,  &c.,  &c. 

Calculating  in  this  way,  we  have  obtained  the  comparative 
strains  in  all  the  Figures,  180  to  184  inclusive.  The  method 
of  determining  the  strains  we  have  followed  and  illustrated  is 
very  laborious :  Mr.  Tinmuns  has  published  a  usefnl  series  of 
designs  for  Iron  Roofs,  the  speciality  of  which  is  that  the 
strains  are  found  by  Diagrams  of  an  ingenious  but  rather  com- 
plex kind :  however,  they  give  with  much  less  labour  the  same 
strains  as  those  we  have  found  by  analysis. 

(582.)  We  may  now  apply  Figs.  180  to  184  to  practice :  say 
we  take  a  roof  30  feet  span  and  10  feet  between  principals.  The 
area  on  plan  =  80  x  10  =  300  square  feet,  and  with  56  lbs.  or 
^ih  ton  per  square  foot,  the  actual  load  =  300  -7-40  =  7-5 
tons:  then  the  strain  on  T  =  84  X  7-5  -r-  100  =  6-3  tons: 
at  8  =  56  X  7-5 -r- 100  =  4-2  tons:  at  O  =  28x7-5-^-100 
s  2*1  tons,  &ay  &o» 
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Haying  thas  fonnd  the  strains  on  the  several  members  of  the 
truss,  we  have  now  to  determine  the  proper  sizes  for  the  Rafters, 
Struts,  and  Tie-rods. 

"  Rafters,^' — There  are  two  kinds  of  strain  on  the  principal 
rafter,  namely,  the  compressive  strain  as  given  by  the  figures, 
and  the  transverse  strain  due  to  the  direct  dead  weight  of  the 
purlins,  slates,  &o.  The  latter  is  comparatively  small,  and  the 
ordinary  position  of  the  T-iron  with  flange  uppermost  being 
that  in  which  a  wrought-iron  beam  of  that  section  is  the 
strongest,  as  shown  in  (378),  we  may  safely  neglect  it  in  most 
cases,  and  have  then  only  to  consider  the  compressive 
strain. 

The  rafter  is  virtually  a  pillar,  or  rather  a  series  of  pillars 
end-to-end  with  a  varying  series  of  strains,  as,  for  example,  in 
Fig.  184,  where  the  strains  are  in  the  ratios  116, 99, 83,  and  66  : 
but  this  pillar  is  otherwise  under  peculiar  conditions,  being 
supported  by  the  purlins  at  frequent  intervals,  and  failure  by 
horizontal  flexure  being  thus  prevented.  Then  it  is  not  likely 
to  fail  by  flexure  upwards,  because  flexure  in  that  direction  is 
resisted  by  the  transverse  load.  Lastly,  it  is  not  likely  to  fail 
by  flexure  downward  in  a  vertical  direction,  for,  as  shown  in 
(248),  the  strength  as  a  pillar  is  no  less  than  three  times  that  in 
the  other  direction. 

We  may  therefore  admit  that  the  Rafter  is  not  likely  to  fail 
as  a  pillar  in  any  direction,  and  we  have  simply  to  consider  it 
as  subjected  to  a  crushing  strain,  and  duly  to  proportion  the 
area  thereto.  The  resistance  of  wrought  iron  to  crushing  is 
very  difficult  to  determine,  as  shown  in  (133),  bat  for  pillars  we 
found  it  to  be  about  19  tons  per  square  inch,  ultimate  strain 
(210).  Taking  8  for  the  «  Factor  of  Safety  "  (886),  we  should 
have  6  *  8  tons  safe  working  load,  but  in  order  to  avoid  the 
remotest  probability  of  failure  by  flexure,  especially  with  large 
loofs  whore  the  length  is  necessarily  great,  it  will  be  expedient 
to  take  for  roofs  a  higher  Factor  of  Safety,  say  4,  and  we  then 
obtain  19  -=-  4  =  4|,  or  say  5  tons  per  square  inch  safe  strain. 
Table  81  has  been  calculated  on  that  basis,  and  its  application 
to  practice  is  shown  in  ('^37). 

(533.)  '* Struts" — The  struts  are  simple  pillars  unsupported 
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Table  81.— For  Eoofs  :  Safe  Coupbessive  Strain  on  WBOtJOHT 
T  Ibon  Rafters:  6  Tons  per  Square  Inch. 


Tbicknem  all  over 

inlnchct. 

Depth 
and 

i 

iV 
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f 

ii 
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Width. 

Safe  Load,  In  Tool. 
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3  44 

4-3 

•  • 

•• 

•• 

•• 

1? 

406 

61 

•  • 

•  • 

•• 

•  • 

2 

4-70 

5-6 

6  7 

•  . 

•• 

•• 

2i 

6-5 

7-7 

90 

•  • 

•  • 

2* 

7-2 

8-6 

101 

•  • 

•  • 

2| 

9-6 

111 

12-5 

•  1 

8 

10  5 

121 

13-7 

•  • 

8* 

11-5 

1:^-2 

150 

170 

81 

14-2 

16-2 

18-1 

8| 

16-5 

17*5 

19-6 

4 

16-5 

18-7 

21«1 

23-6 

4* 

18-6 

21-2 

240 

26-9 

5 

•  • 

23-7 

26-5 

29-2 

6 

•• 

28-7 

32- 1 

35-5 

39*0 

42-1 

7 

•• 

•  • 

37-7 

41-7 

45-7 

49-6 

tbrongLout  the  length,  differing  essentially  from  the  Rafters  in 
that  respect  Their  strength  must  therefore  be  calcalated  by 
the  rules  for  ordinary  X  pillars  (243).  Being  riveted  at  the 
ends,  they  might  be  regarded  as  pillars  flat  at  both  ends,  but 
that  condition  supposes  that  the  pillar  is  pressed  between  two 
flat  and  parallel  planes  (149),  which  is  more  fayonrable  to 
strength  than  the  actual  conditions  of  an  ordinary  strut.  It 
will  therefore  be  safer  to  regard  it  as  a  pillar  flat  at  one  end, 
and  rounded  at  the  other,  for  which  the  value  of  Mr  for  rect- 
angular wrought-iron  pillars  is  150  by  Table  34.  It  is  shown 
in  (243)  that  the  strength  of  a  long  T  pillar  is  practically  equal 
to  that  of  the  top  flange  alone,  forced  to  fail  by  flexure  in  the 
direction  of  its  largest  dimension,  flexure  in  the  other  being 
prevented  by  the  rib.  Adopting  3  for  the  *'  Factor  of  Safety," 
Mp  «  50,  then  the  Bule  (234)  becomes 

(634.)  W  =  50  X  t«  •  X  5  -1-  L». 

In  which  t  sz  the  largest  and  6  =  the  smallest  dimension  of  the 
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top  flange  of  the  T  iron :  L  ss  the  lengiih  of  the  Btmt  in  feet: 
and  W  =  the  safe  load  in  Tons. 

Thus  for  a  wrought  T  iron  strut  say  S  X  8  X  |  we  have  to 
calculate  simply  for  a  rectangular  pillar  in  which  <  =  8,  and 
h  =  finch.  By  col.  8  of  Table  86,  8"«  =17-4,  and  we  obtain 
for  a  length  L  =  6  feet,  W  =  60  x  17-4  x  f-r  86  =  9*06 
^ns  =  the  safe  resistance  to  flexure.  This  result  requires  cor- 
rection for  incipient  crushing  by  the  roles  in  (163) :  admitting 
that  the  ultimate  resistance  of  wrought-iron  pillars  to  crushing 
s  19  tons  per  square  inch  (201),  and  with  "  Factor "  8,  we 
obtain  19  -^  8  =  6*8  tons  per  square  inch :  the  area  of  the 
whole  cross-section  in  our  case  =  2*11  square  inches:  henco 
Cp  =  2-11  X  6-3  =  18-3,  and  f  Cp  =  9-97  tons.  Then  Rule 
(164)  gives  9-06  x  13-8  4-  (9*06  +  9-97)  =  6-88  tons,  the 
reduced  and  correct  safe  load  on  the  strut.  Table  82  has  been 
calculated  in  this  way  throughout,  and  the  application  to 
practice  is  illustrated  in  (687).  The  necessity  of  the  correction 
for  incipient  crushing  is  clearly  shown  by  the  Table,  fur 
instance,  the  T  iron  we  haye  just  considered,  with  a  length  of 
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2 
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5-93 
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2i 

X2J  X  A 

9-26 
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42-2 

7-95 
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3 
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^ 

X3|X  1 
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6  feet,  gives  86*2  tons,  the  resistance  to  flexure,  bat  when 
reduced  for  incipient  crushing  we  have  10*43  tons  only.  On 
the  other  hand,  very  long  pillars  of  the  same  section  require 
no  such  correction :  thus,  with  lengths  of  10  and  12  feet,  the 
resistance  is  that  due  to  flexure  simply,  as  shown  by  the 
Table, 

(635.)  «  2\W<kfo."— The  mean  Tensile  strength  of  Wrought 
iron  =  25*  7  tons  per  square  inch,  by  Table  1 ;  but  for  wdded 
bars  =  21  t(»ns  only ;  taking  the  latter  and  '*  Factor "  8,  we 
obtain  21  -^  3  =  7  tons  per  square  inch  safe  load,  and  Table  83 
gives  the  strength  of  round  bars  on  that  basis.  The  areas  are 
given  also,  so  as  to  enable  rectangular  bars  to  be  substituted  for 
round  ones  if  preferred :  it  should  be  observed  that  when  tie- 
rods  are  screwed  at  the  ends,  or  where  they  are  punched  for 
keys,  they  should  be  bulked  up  to  compensate  for  the  area  lost 
by  the  key-way,  &c. 

(536.)  **  Strength  of  Keys^  BiveU,  dc/* — The  keys  and  rivets 
by  which  the  junctions  are  effected  are  subjected  to  a  shearing 
strain  (123),  namely,  singlenshear  when  supported  on  one  side 

Load  on  Wbouoht  T  ^^^  "  Stbuts." 


UHBUPPOSTBD,  IN  FSBT. 
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-For  Roofs  :  Safe  Teksile  Strain  on  RouifD  Bars: 
7  Tons  per  Square  Inch. 
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8*60 

2| 

6-41 

87-8 

4 

12  56 
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onlj ;  and  donble-sliear  when  supported  on  both  sides.  It  is 
shown  in  (123)  that  the  tensile  and  shearing  strams  are  eqnal 
to  one  another  ;  therefore  Table  83  may  be  used  for  rivets  and 
keys,  as  well  as  for  tie-rods;  for  instance,  a  |-inch  rivet 
gives  2 •IS  tons  for  single,  and  4*3  tons  for  double- 
shear,  &c. 

(637.)  "  Practical  Application.^* — We  may  now  illustrate  the 
application  of  the  Figures  and  Tables  to  practice :  say  we  have 
a  truss  like  Fig.  184,  60  feet  span,  with  12  feet  between  each 
truss ;  then  the  area  of  roof  on  plan  =  60  X  12  =:  720  square 
feet  and  the  total  load  being  56  lbs.,  or  ^  ton  per  square  fuot, 
as  in  (529),  we  have  720  -r-  40  =  18  tons  on  the  truss.  Then 
on  Eafter  D  we  have  116  x  I8-7- 100  =  20*5  tons,  requiring 
by  Table  81  a  T  iron  4  J  x  4^  x  ^ :  for  C,  99  x  18  -r-  100  = 
18-8  tons,  or  4  X  4  X  J :  for  B,  83  X  18  -r- 100  =  15  tons,  or 
3^  X  8i  X  i:  and  for  A,  66  X  18  ^  100  =  11-9  t<.ns,  or  say 
3  X  3  X  -Tff.  In  practice,  however,  the  i after  would  usually 
be  in  one  piece  from  end  to  end,  and  in  that  case  the  maximum 
sizes,  or  those  for  D,  would  be  used  throughout. 

Then,  for  the  struts ;  the  strain  on  G  =  23  X  1 8  4- 100  = 
4*14  tons,  and  the  length  being  in  our  case  about  12  feet,  we 
require  by  Table  82  a  T  iron  say  3|  X  3J  X  |.  To  show  how 
serious  an  error  would  ensue  if  we  had  disregarded  the  lengthy 
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and  provided  for  the  crashing  strain  simply.  Table  81  would 
Lave  given  for  4*  14 1  ms  a  T  iron  IJ  x  1^  X  tV«  But  Table  82 
shows  that  the  safe  stra'n  on  a  bar  nearly  of  those  sizes,  and 
12  feet  long,  would  be  0*25  ton  only,  or  less  than  j^th  of 
4  *  14  tons,  the  actual  strain. 

(538.)  It  has  been  sometimes  proposed  to  snbstitnte  for 
T  iron  struts  two  flut  biurs  of  equal  area,  but  in  the  case  of  long 
struts  this  is  a  most  unsafe  proceeding :  for  example,  by  exact 
calculation  tbe  angle-iron  we  have  propoeed  for  G,  namely 
3i  X  3f  X  f  gives  by  Rule  (534),  W  =  50  x  3J*  •  x  f  -=-  144 
=  4*05  tons,  which  is  near  enough  to  4*14  tons,  the  actual 
strain,  for  our  purpose.  But  a  flat  bar  left  to  itself  would  of 
course  fail  by  bending  in  the  direction  of  its  leagt  dimension 
(177) :  hence  i  —  %<,  aud  h  -=  3|,  and  the  2*6  power  of  |,  being 
•0781  by  Table  35,  the  same  rule  gives  W  =  50  x  -0781  x 
3|4- 144  =  0*1017  ton  for  one  bar,  or  0*2034  ton  for  a  pair 
having  tbe  same  area  as  tbe  T  iron,  but  77^^  ^^^7  ^  ^^ 
strength  as  a  pillar. 

To  resume :  for  the  strut  F  we  obtain  19  x  18  -r  100  =  3*42 
tons,  and  the  length  being  about  10  feet,  we  require  a  T  iron 
Fay  3  X  3  X  f:  forEwehave  16  X  18  4-100  =  2*88 tons, and 
the  length  being  about  8  feet,   we    require  a  T  iron,  say 

2}  X  2^  X  tV 

Then  for  tbe  tie-rods:  the  strain  on  L  =  105  X  18  4-  100 
s  18*9  tons,  or  1|  inch  diameter  by  Table  83:  for  M, 
89  X  18  -f- 100  =  16  tons,  or  1|  inch;  for  N,  74  X  18  -^  100 
=  13*3  tons,  or  IJ  inch:  for  K,  46  x  18 4- 100  =  8*28  tons, 
or  li^  inch:  for  J,  12*5  X  18  -5-  100  =  2*25  tons,  or  |^  inch: 
and  for  H,  6  •  5  X  18  -T-  100  =  1  •  17  ton,  or  ^  inch  diameter,  &c. 

Any  of  tbe  different  forms  of  truss  shown  by  Figs.  180  to 
184  may  be  used  in  the  manner  we  have  illustrated:  it  will  be 
found  that  in  order  to  obtain  convenient  sections  for  rafters  and 
struts,  Fig.  181  should  be  restricted  to  say  30  to  40  feet  span: 
Fig.  182  from  40  to  50  feet:  Fig.  183  from  50  to  60  feet :  and 
Fig.  184  from  60  to  70  feet,  <fca 

(539.)  " Curved  Roofs'' — For  large  spans,  such  as  Railway 
Stiitionfi,  &c..  Curved  Roofs  are  now  very  extensively  used: 
Fig«   185  gives  an  outline  of  such  a  roof  with  the  striiiiis 
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througbout  as  due  to  a  total  weight  =  100,  or  50  on  eacli 
support,  in  order  to  assimilate  the  case  to  the  other  examples 
we  have  given,  and  to  &cilitate  calculation  of  snch  roofs  for 
yariouB  spans. 

Say  we  have  a  Boof  80  feet  span,  with  16  feet  between  the 
principals :  then  measured  on  plan,  we  have  80  x  16  =  1280 
square  feet  on  each  principal:  taking  the  load  at  56  lbs*  or 
^  ton  per  square  foot  as  in  (529),  we  have  1280-^-40  =  82 
tons  total  load. 

The  maximum  compressive  strain  on  the  main  rafter  or  upper 
ribs  A,  B,  C,  will  then  be  137  x  32 -r  100  =  43-8  tons,  for 
which  Table  81  gives  a  T  section  7  X  7  X  H  inches,  and  in 
most  cases  that  same  section  would  be  used  throughout^  although 
the  strains  on  D,  £  are  somewhat  less. 

Tons.  In.  dhm. 

Then  for  F»  we  hare  32  x  187  -i- 100  =  4S*8,  requiring  2}.   Table  8a 


G, 

n 

S2  X  125  -1- 100  =  40 

n 

2*. 

H. 

ft 

82  X  110  +  100  =  35 

n 

2*. 

J, 

n 

82  X  78  + 100  =  25 

n 

2*. 

N. 

n 

32  X   9  +  100  =  2-88 

n 

i- 

P, 

n 

82  X  16  +  100  =  4-8 

n 

a- 

B,  • 

w 

82  X  80  +  100  =  9*6 

n 

If 

The  struts  M,  O,  Q,  are  pillars  of  the  approximate  lengths,  in 
our  case^  of  8>  8,  and  5  feet  respectively :  then 

Tons. 
M  =  82x25  +  100  =  8,      requiriiig  T  ht>n  4    x4   X  A>  by  Table  82. 
O  =  32  X  18  +  100  =  5-76         „  »8ixSix|  ^ 

Q  =  82x13  + 100  =  4-16         „  ^     2^  X  2^  X  A  » 

(540.)  **  Wooden  Boo/»J' — Iron  ianow  used  almost  exclusive!  j 
for  large  and  important  Roofs ;  but  for  ordinary  purposes  wood 
is  still  extensively  employed,  and  is  likely  to  be  so  for  reasons 
of  oonvenience  and  economy^  The  form  of  truss  commonly 
used  for  small  spans,  say  up  to  SO  feet,  is  shown  by  Fig.  179, 
another  convenient  form  is  shown  by  Fig.  181.  The  strains 
may  be  found  by  the  methods  already  explained  and  illustrated 
with  Iron  roofs.  The  proportions  of  the  different  parts  and  the 
details  of  construction,  are  essentially  practical  questions,  which 
are  fully  considered  in  most  of  the  works  on  Carpentry,  such  at 
that  of  Tredgold  and  others 
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CHAPTEB  XIV. 


ON  THS  TOBSIOMAL  STBADT. 


(541.)  It  will  be  expedient  to  consider  the  Torsional  strain 
tinder  two  different  heads,  namely  **  Torsional  Strength/'  and 
**  Torsional  Elasticity."  It  is  the  more  necessary  to  follow  that 
course  because  the  laws  goyeming  the  Strength,  differ  entirely 
from  those  dominating  the  Stiffness.  We  shall  deal  with  the 
Torsional  Strength  in  this  chapter  and  with  the  Torsional 
Elasticity  in  Chapter  XVIL 

^  Tanicmal  Strength.** — The  fundamental  laws  for  Torsional 
Strength  may  be  expressed  by  the  Bales : — 

For  Circular  sections, 

(64fL)  WxL  =  QxE»x  81416-4-2; 

(543.)         or,  W  X  L  =  Q  X  »•  X  1-5708. 

For  Square  sections, 

(544.)  WxIi  =  QxS«X  V2^6; 

(645.)         or,  W  X  L  ==  Q  X  S«  X  •2357, 

For  Bectangular  sections, 

(546.)  WxL  =  Qxi'x  V'^Wd'^xb^xB). 

In  which  B  a  radios  of  circular  sections  in  inches :  S  s  side 
of  square  in  inches :  d  and  6,  depth  and  breadth  of  Kectangular 
sections  in  inches :  L  =  the  leverage  in  inches  with  which  tho 
twisting  weight  W  acts :  W  =  weight,  say  in  lbs. :  Q  =  constant 
Multiplier,  which  has  the  same  value  for  all  the  three  forms  of 
section,  and  is  found  from  Experiment  by  the  Rules  :— 

Circular  sections, 

/K±7\  0~  WxLx2, 

<^^^->  ^'8a4l6"x-E«' 

/r^ov  f\  WXL 
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Square  seotions, 

(549.)  Q  =  ^^p ; 

V2  X  S* 

Rectangular  sections, 

(551.)  Q  = -^-^- 

(552.)  "  Batio  of  Bound  to  Square.'* -^The  Ratio  of  the  Tor- 
si onal  Strength  of  round  and  square  sections  may  be  found  by 
Rules  (643)  and  (545),  for  while  round  bars  =  1-6708  x  R\ 
square  ones  =  '2357  x  S'.  Say  we  take  1-inch  bars,  then 
R  =  ^,  and  ^'=  ^  or  *  125,  henoe  the  ratio  of  strength  will  be 
(•2367  X  P)-7-(l-67c8  x  -125)  =  1-20  to  10,  showing  that 
square  bars  are  20  per  cent  stronger  than  round  ones. 

But,  when  we  calculate  the  values  of  Q  for  round  and  square 
bars  from  experiment,  as  in  col.  4  of  Table  84,  we  find  that 
the  latter  are  34  per  cent,  greater  than  the  former;  thus 
35907  -^  26800  =  1  •  34.  So  great  a  difference  shows  that  there 
is  some  error  in  the  Rules,  although  they  are  based  on  laws 
given  by  the  highest  authorities :  admitting  the  experiments  to 
be  correct,  the  Rules  require  modification,  and  become  ^— 

For  Square  sections, 

(553.)  WxL=:QxS»X-315a 

(554.)  Q  =  -T^^5,  • 

^        '  •  bl58  X  S* 


Calculating  Q  by  Rule  (554)  we  obtain  ool.  5  of  Table  84 : 
the  mean  =  26,800,  or  nearly  the  same  as  for  the  round  bars 
which  gave  by  Rule  (542),  26,709.  From  this  it  appears  that 
the  experimental  ratio  of  the  strength  of  square  and  louud  bars 
is  1*6  to  1*0,  the  theoretical  ratio  being  1  *  2  to  1  *  0. 

(556.)  "  Practical  Rules." — The  theoretical  rules  are  inoon- 
venient,  although  they  are  fundamental,  giving  the  laws 
governing  the  Torsional  Strength,  and  have  the  advantage  of  a 
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value  for  Q,  which  is,  or  should  be,  constant  for  all  sections. 
The  following  Practical  Rules  are  based  on  the  theoretical  ones, 
corrected  by  experiment  (652) : — 

For  Circular  Sections, 

(556.)  W  =  M#X  B'-T-L. 

(557.)  D  =  4^WxL-rM,. 

(558.)  M<  =  WxL-5.D». 

For  Square  Sections, 
(559.)  W  =  M^xS»x  1-6-4- L. 

(560.)  S  =  4^VV  X  L-r(M«xl-6). 

(561.)  Mt  =  WxL-r-(S»X  1-6), 

For  Rectangular  Sections, 
(562.)    W  =  M«  X  iP  X  6'  X  2-264^(V^(i^  +  6«  X  L). 

(563.)   M«  =  W  X  L  X  ^dF+V-^id^  xh'x  2-264). 

In  which  Mt  =  a  constant,  having  the  same  value  for  all  the 
sections :  D  =  diameter :  S  =  side  of  square :  d  =  depth,  and 
b  =  breadth  of  rectangular  sections :  L  s  leverage,  all  in 
inches:  W  =  weight  in  lbs.  acting  with  the  length  of 
lever,  L. 

(564.)  The  values  of  Mt  in  col.  6  of  Table  84  have  been 
calculated  by  Rules  ( 558)  and  (56 1 ) :  thus,  the  bar  4  inches 
diameter  by  Rule  (558)  gives  Mt  =  1938  x  170  -J-  64  =  5148. 
Again,  the  bar  1  inch  square,  which  broke  with  231  lbs.  and 
86  inches  leverage,  gives  by  Rule  (561;,  Mt  =  231  X  36-^ 
(P  X  1*6)  =  5197,  &c.  The  mean  for  9  bars  varying  from 
2  inches  to  4j  inches  diamuter  =  5200:  aud  the  mean  for 
6  square  bars  =  5290  also,  which  may  therefore  be  taken  as  the 
mean  value  of  M(  for  cast  iron. 

The  experimental  ratio  of  square  to  round  bars,  namely,  1  *  6 
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Table  84. — Of  Expebimbkts  on  Tobstonal  Stbekgtq, 


HAteriaL 

««. 

Breaking 
Weicht 
in  iXs. 

Lerenge. 

Roles 
(M7)(64»). 

Role  (6M> 

M,. 

iiKhn. 

inches. 

Cast  iron. 

2   diam. 

250 

170 

•• 

27,050 

5310 

It 

2i     „ 

3r4 

M 

•• 

29.1!(0 

5730 

M 

2i      n 

408 

•• 

•• 

22,610 

4440 

n 

2}      n 

700 

i9 

•• 

29,140 

5720 

n 

3i     M 

1170 

M 

•• 

29.510 

5b00 

n 

3*      „ 

1240 

n 

•• 

25,030 

4920 

n 

3?      n 

1662 

M 

•• 

27.290 

5360 

n 

4        n 

1938 

ft 

•• 

26.220 

5150 

n 

H      n 

2158 

n 

•• 
Mean  = 

24,340 
26,709 

5180 
5290 

n 

l^g  square. 

830 

36 

42,020 

31,360 

6190 

n 

ll^        n 

810 

H 

39,474 

29,460 

5815 

ft 

1 

237 

ft 

36,198 

27,020 

5332 

n 

1 

218 

n 

33,296 

24,850 

4905 

ft 

1 

191 

ft 

29,172 

21.780 

4298 

» 

1 

231 

♦» 

35,282 

26.3:H0 

5197 

Means = 

35,907 

26,800 

5290 

Hornbeam 

1  diam. 

70 

12 

•• 

•t 

840 

Mahogany 

*      »» 

47-3 

n 

•• 

•• 

568 

Elm   ..      .. 

*       n 

43 

91 

•• 

•• 

516 

Ash    ..      .. 

1       w 

42-3 

w 

•• 

•• 

508 

Oik,  Eof^lish 

1       n 

37-3 

M 

•• 

•• 

448 

Chestnut   .. 

■'■       »• 

37 

99 

•• 

•  • 

444 

Fine,  Yellow 

1      w 

27-3 

M 

•  • 

•• 

328 

(I) 

(2) 

(s) 

W 

W 

(•) 

to  1*0,  has  been    adopted  in  these  Rales,  instead  of   the 
Theoretical  Hatio  1*2  to  1*0  (552). 

(565.)  '*  Rectangtdar  Sections,** — ^The  Bules  for  Bee  angular 
Sections  may  be  used  for  square  ones,  which  of  course  arc 
rectangular  with  equal  sides :  say  we  take  a  3-inch  square  bar 
with  60  inch  leverage :  then  taking  Mt  =  5290,  Rule  (559) 
gives  W  =  5290  x  3*  x  1-6 ^  60  =  3809  lbs. :  taking  it  as  a 
rectangular  bar,  Rule  (562)  becomes  W  »  5290  x  3'  X  3*  X 

2-264-^(^3"  +  ^' X  60)  =  3809  lbs.  also. 

When  the  two  dimensions  of  a  bar,  rectangular  in  section,  are 
very  unequal,  or  the  breadth  very  great  in  proportion  to  the 
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tbickness,  the  torsional  strength  is  practically  as  the  breadth 
simply,  the  thickness  being  constant.  Thu»,  for  oast  iron,  witb 
L  s  10,  and  a  thickness  of  1  inch  and  breadths 

12  4  8  16inobef» 

the  torsional  strength,  or  W,  becomes  by  Bnle  (562)  s 

847  2142  4648  9508  19,127  Ibf. 

It  will  be  observed  that,  while  the  breadths  are  in  the  ratio  of 
2  to  1  throughout,  the  strength  for  the  greater  breadths  follow 
nearly  the  same  ratio. 

(566.)  **  HoUoto  Sections:'— We  have  seen  by  Enles  (556)  and 
(559)  that  with  square  and  round  bars  the  torsional  strength 
is  directly  proportional  to  D'  or  S^  so  that  for  diameters  in  the 
ratio  :— 

12  8  4  6 

the  Torsional  strength  would  be  in  the  ratio : — 

1  8  27  64  125 

By  the  laws  of  Torsional  elasticity  (716)  the  Stiffness  with 
constant  strain  is  inversely  proportional  to  D*  or  S^  hence  in  our 
case  Jy  being  in  the  Eatio  :— 

1  16  81  256  625 

the  stifihesB  with  constant  strain  will  be  in  the  inverse  ratio, 
or:— 

But  when  the  strain  is  proportional  to  the  strength,  the  Batio  of 
the  torsional  angles  become : — 

1  8xA       27x^        64x^l25x^ 

or         1  *  *  *  ♦ 

which  is  in  inverse  proportion  to  the  arithmetical  ratio  of  the 
diameters  simply. 

(567.)  "  Old  EuU:* — The  old  rule  commonly  used  by  prac- 
tical men  is  W  s  D"  -  d*,  D  being  the  external,  and  d  s  the 
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internal  diameter  of  a  hollow  sbafl;,  which  is  regarded  as  com- 
posed of  two  shafts  having  the  respective  diameters,  and  it  ig 
assumed  that,  deducting  the  strength  of  one  from  that  of  the 
other,  we  should  ohtain  the  strength  of  the  annulus.  But  a 
shaft  will  not  yield  the  full  strength  due  to  it,  except  it  be 
allowed  to  twist  proportionately  to  its  diameter.  Say  we  take  « 
section  2  inches  diameter  externally  and  1  inch  internally ;  then 
by  the  old  rule  the  strength  will  be  2'  —  1'  =  7 :  but  we  have 
k;oen  by  the  preceding  investigation  that  the  diameters,  being 
2  and  1,  the  twist  should  be  ^  to  1,  that  is  to  say,  the  internal 
section  should  twist  twice  as  much  as  the  external  one,  which 
of  course  is  impossible  in  our  case,  for  obviously  both  must  be 
twisted  to  the  same  extent.  As  the  internal  section  is  allowed 
to  twist  to  l.alf  only  of  the  extent  due  to  its  full  strength,  it 
will  yield  haK  only  of  that  strength ;  hence  we  obtain  2*  — 
(1*  X  i)  =  7*5  for  the  hollow  section,  instead  of  2"*  —  1'  =  7, 
as  by  the  old  Rule. 

(568.)  Hence  the  rule  for  hollow  circular  sections  becomes 
W  =  (D*  -  d')  -^  D,  or  in  our  case  (2*  -  1^)  ^  2  =  7-6,  as 
before.  Taking  another  case  of  a  hollow  shaft  with  diameters 
4  and  3 :  then  by  the  old  rule  we  should  have  4'  —  8'  =  37 : 
but  by  the  preceding  analysis,  the  ultimate  twist  for  diameters 
in  the  ratio  3  and  4  =  ^  and  ^  respectively ;  hence,  instead  of 
the  internal  diameter  yielding  3^  =  27,  it  would  give  27  X  J 
-4-i,  or  27  X  3-4-4  =  20-25  only,  and  the  strength  of  the 
liollow  shaft  becomes  4'  -  20 '25,  or  64-20-25  =  43-75, 
instead  of  37.  The  rule  (D^  —  d^)  -^  D  gives  in  our  case 
(4*  —  3*)  -r-  4  =  43  •  75,  as  before.  These  principles  apply  to 
the  transverse  strain  also  (337). 

We  have  therefore  for  hollow  shafts  the  rules:— 

(569.)  For  Circular  Sections, 

(570.)  For  Square  Sections, 

W  «  M*X^^~Xl-6^Ii. 
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Id  which  D  s  the  external,  and  d  =  the  internal  diameter  in 
inches:  S  =  the  external,  and  $  =  the  internal  dimensions  of 
square  sections  in  inches:  W  =  the  straining  weight  in  lbs. 
acting  with  a  leverage  of  L,  in  inches:  Mt  ==  a  constant  whoso 
value  is  given  hj  col.  6  of  Table  84,  and  by  (564). 

To  illustrate  the  application  of  these  rules:  say  we  have  a 
hollow  cast-iron  shaft  in  which  D  =  6  inches,  (2  =  4  inches, 

L  =  84  inches:  then  Rule  (569)  becomes  W  =  5290  x       7  ^* 

6 

-7-  84  =  1 0900  lbs.  breaking  weight.     Again,  with  a  hollow 

square  shaft  in  which  S  =  5  inches,  «  =  3]^  inches,  and  L  =  96 

inches :    then  by  Table   85,  5*  =  625,  and   3^  =  150,   with 

which  Rule  (570)  gives  W  =  5290  x  ^^^  ^  ^^^  X  1-6  -r  96 
=  8376  lbs. 


Table  85. — Of  the  Fourth  Power  of  Numbers. 


N 


!l 

2 
2* 

2J 

2} 
21 
2f 

n 

I' 


N* 


1 
1 
2 
3 
6 


00 

m 

44 
57 
06 


6-97 
9-38 
12  4 
160 
20  4 


25 
HI 

3y 

47' 
57- 

68- 
81- 
95- 


6 
8 
1 
5 
2 

3 
0 
4 


N 


3J 


3? 
3f 

I' 

H 

4J 

*i 

4| 

4i 

5^ 


N* 


112 
130 
loO 
173 

198 

228 
256 
289 
32G 
366 

410 

458 
509 
565 
625 

690 
760 

8;^ 


N 


5J 
5^ 

6 

6J 

7 

;t 

71 
7J 

71 


N* 


915 
10Ji> 
1093 
1191 
1296 

1408 
1526 
1652 
1785 
1926 

2076 
2140 
2401 
2577 
2763 

2959 
8164 
3380 


N 


7f 

7| 
8 


8i 
8| 
8§ 
8J 


} 


9 

9 
9 

9i 

91 
9} 

9i 


N* 


3607 
3846 
4096 
4358 
4632 

4920 
52!»3 
5534 
5861 
6204 

6561 
6933 
7321 
7725 
8145 

8582 
9(»:h6 
9509 


(571.)  "  Wrought  Iron  and  Steel*"— Aecording  to  W.  and  D. 
Bankine's  experiments,  the.  torsional  strengths  of  CasI  irun, 
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Wrought  iron,  and  Steel  are  in  the  ratio  1,  2,  3,  and  these,  il 
will  be  observed,  are  nearly  the  Batios  of  the  Transyerse 
strengths  of  the  same  materials.  The  yalues  of  M(  are  therefore 
6290,  10,580,  and  15,870  lbs.  respectively. 

It  follows  from  this  that  for  large  shafts  (575)  of  eqnal 
torsional  strength  in  cast  iron,  wrought  iron,  and  steel,  the 
diameters  must  be  in  the  ratios  1*0,  *7937,  and  '6934  re- 
spectively, or,  in  round  numbers,  a  10-inch  cast  iron,  8-inch 
wrought  iron,  and  7-inch  steel  shaft  would  all  have  the  same 
torsional  strength^  irrespective  of  stiffness.  The  specific 
strengths  being  in  the  ratio  1,  2,  3,  we  then  have  for  cast  iron 
10»  X  1  =  1000 :  wrought  iron,  8^  X  2  =  1024 :  and  Steel 
=  7*  X  3  =  1029,  &C.,  which  are  practically  equal. 

(572.)  "  Shafting.** — ^The  determination  of  the  proper  sizes  of 
shafting  for  driving  machinery  is  pre-eminently  a  practical 
question  requiring  special  Rules  :  instead  of  straining  weights 
in  lbs.  acting  with  certain  leverages  in  inches  as  in  ordinary 
rules  for  Torsional  Strain,  we  shall  have  to  deal  with  Horse- 
power and  Eevolutions  per  minute. 

Theoretically,  the  Horse-power  commonly  accepted  as  a 
Standard  is  33,000  foot-pounds,  or  33,000  lbs.  raised  1  foot  high 
per  minute ;  thus,  say  we  have  a  shaft  with  a  winding  drum  at 
the  end  of  it  raising  a  ton  or  2240  lbs.  with  a  velocity  of 
206  feet  per  minute,  which  will  be  equal  to  2240  X  206  -7-  33000 
=  14  Horse-power.  The  question  thus  appears  to  be  a  very 
simple  one,  but  in  practice  there  are  unavoidable  complications 
due  to  the  friction  of  the  machinery  and  other  conditions,  by 
which  the  whole  subject  is  very  much  mystified.  For  example, 
say  that  instead  of  a  simple  shaft  as  we  have  supposed,,  the 
necessities  of  the  case  were  such  that  a  train  of  wheels,  shafts, 
&c  ,  intervened  between  the  Engine  and  the  winding  drum,  such 
that  its  friction  added  say  7  Horse-power  to  the  strain  on  the 
Engine :  then  we  should  require  14  +  7  =  21  Horse-power  to 
do  14-Horse  useful  work.  Let  us  further  suppose  that  the 
power  exerted  by  the  Engine  in  overcoming  its  own  friction 
and  other  sources  of  loss  within  itself  is  equal  to  7  Horse- 
power: then  the  total  gross  power  exerted  by  the  pi-ton  iB 
14  +  7  +  7  =  28-Horse.    We  have  thus  obtained  three  dif- 
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farent  Horae-powers,  28^  21,  and  14  respeotivelj,  and  the 
qnestion  now  is,  which  of  these  should  be  taken  as  a  basis  in 
odcolating  the  strength  of  the  shaft;  bat  we  may  observe 
that  it  is  unimportant  which  is  taken,  if  only  the  yalue  of 
the  Multiplier  is  properly  adapted  to  the  conditions  assumed. 

(573.)  Engineers  usually  rate  the  power  of  an  Engine  by  the 
useful  work  done  by  it:  in  our  case  it  would  be  14-Hor8e 
Reputed  or  Nominal  Power.  To  give  more  precision  to  the 
matter,  say  that  the  Engine  was  a  common  High-pressure  one, 
cylinder  12  inches  diameter,  velocity  of  piston  220  feet  per 
minute,  pressure  of  steam  in  Boiler  45  lbs.,  reduced  to  40  Ib^. 
in  the  cylinder  at  the  commencement  of  the  stroke,  cut  off  by 
lap  of  slide  at  ^  of  the  stroke,  and  thereby  further  reduce:l  by 
expansion  t)  a  mean  pressure  of  37  lbs.  thropghout  the  stroke : 
those  conoitions  prevailing  when  all  the  work  was  being  done, 
and  an  '^  Indicator  "  diagram  showing  37  lbs.  mean  pressure  as 
calculated  ab:>va  We  then  obtain  for  a  12-inch  cylinder 
«r  113  square  inches  area,  113  X  37  X  220  -^  83000  =  2S  gross 
indicated  Horse-power:  with  the  Engine  and  Qearing  alone, 
no  useful  work  being  done,  the  mean  pressure  =18^  lbs.,  and 
we  obtain  113  X  18^  x  220  -J-  33000  =  14-Hor8e :  with  the 
Encrine  alone  the  mean  pressure  =  9^  lbs.  =  113  X  94  X  220 
-i-  33000  =  7-Horse. 

Hence  we  have  28  groaa  indicated  Horse-power:  28  — 
7  =  21  Net  indicated  Horse-power,  and  21  —  7  =  14-Horse 
Nominal  Power. 

(574.)  The  nominal  Horse-Power  is  the  Standard  commonly 
adopted  by  Practical  men :  in  the  vast  majority  of  cases  it  is  the 
only  one  known,  for  the  "  Net  Indicated  "  power  can  only  be 
found  by  experiment :  in  all  cases  it  must  be  in  excess  of  the 
Nominal  in  order  to  cover  the  friction  of  the  machinery  by 
which  the  work  is  done,  60  per  cent,  as  in  our  illustration, 
is  a  fair  addition  in  ordinary  cases.  Thus,  the  Ratio  of  the 
Nominal,  Net  Indicated,  and  Qross  indicated  Horse-power  is  1, 
1^,  and  2 ;  admitting  these  Ratios,  the  value  of  the  Multiplier 
may  be  easily  adapted  to  either  at  pleasure. 

(575.)  It  has  been  found  by  experience  that  the  power  which 
a  large  shaft  will  carry  satisfactorily  depends  on  its  absoluto 
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torsional  strength^  which,  other  things  being  equal,  is  governed 
hj  d' ;  but  the  power  of  small  shafts  depends  on  torsional 
etiffnesSy  which  is  dominated  bj  D^  (713). 

Taking  the  Nominal.  Horse-power  as  the  basis,  we  have  for 
ordinary  wrought-iron  shafts  of  large  diameter  (or  those  aboye 
4f  inches)  the  Bule : — 

(576.)  H  =  d  X  E  -T-  160. 

(577.)  (1=  7(Hx  160^R). 

For  small  shafts  (or  those  under  4f  inches)  the  rules 
become : — 

(578.)  H  =  d*  X  R  -4-  740. 

(579.)  d=  4^(Hx  740-rR). 

In  which  d  =?  diameter  of  the  shaft  in  inches :  R  =  revolutions 
per  minute :  and  H  =  Nominal  Horse*power.  It  will  be  found 
that  these  two  sets  of  Rules  coincide  in  their  results  when  the 
diameter  =  4f  iDches :  for  example,  with  say  R  =  100,  rule 
(576)  gives  H  =  4f»  x  100  ^  160  =  61-82  Horse-power; 
and  Rule  (578)  becomes  H  =  4f  *  X  100  -i-  740  =  61  •  82  Horse- 
power also. 

(580.)  The  fact  that  strength  and  sti£fnegs  follow  different 
laws  necessitates  the  use  of  two  sets  of  Rules  for  shafts ;  with 
diameters  above  4|  inches,  shafts  whose  absolute  torsional 
strength  is  sufficient  to  carry  the  power  will  be  stiff  enough  to 
do  ordinary  work  properly ;  but  below  that  size,  in  order  to 
obtain  the  proper  st'ffness,  the  diameter  must  be  larger  than 
necessary  for  the  mere  torsional  strength.  A  shaft  may  be 
strong  enough  to  res  st  the  torsional  strain  upon  it  without 
twisting  asunder,  but  may  be  so  elastic  because  of  its  great 
length  as  to  be  wholly  un£t  to  drive  any  machinery  in  which 
steadiness  of  motion  is  essential.  On  the  other  hand,  a  shaft 
may  be  stiff  enough  to  do  its  work  because  of  its  extreme  short- 
ness, but  its  strength  may  not  be  sufficient  to  resist  the  twisting 
strain. 

(581.)  The  Torsional  strength  and  stiffness  of  cast  iron  are 
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Dniy  about  half  those  of  wrought  iron  (571),  (720),  bat  iot 
shafts  we  shall  adopt  the  lower  ratio  9  to  14.  The  maxiinam 
strain  on  the  crank  shaft  of  a  single  steam  Engine  is  1*57 
times  the  mean  strain,  but  for  a  pair  of  Engines  oonpled  by 
cranks  at  a  right  angle,  or  90%  it  is  1  *  11,  the  mean  strain  being 
1  *  0,  &c  Combining  all  these  results,  we  hare  in  Table  86  a 
aeries  of  Multipliers  for  the  **  Nominal,"  ^  Net  Indicated,"  and 
**  Gross  Indicated  "  Horse-power  of  ordinary  and  crank  shafts  for 
large  and  small  sizes,  large  shafts  being  above  and  small  ones 
below  4|-  inches  diameter. 

Tablb  86.— Of  the  Values  of  Mg  and  Ml  for  Shafts. 


Horae-Power. 

Kind  of  Work. 

NomiDaL 

Net  Indicated. 

OroM  Indicate^ 

SmalL 
Ms. 

large. 
Ml. 

Small. 
M.. 

Laige. 
Ml. 

Small. 

L«rge. 

Mu 

Ordinary  Wrouglit-iron  Shafts 
„       Cast-iron  Shafts    .. 
Wionght-iron    Orank-shafts:) 

Singlo  Engine f 

Cast  -  iron      Ciank  -  Shafts  :\ 

Single  Engine f 

Wronght-iron    Crank-shafts  :S 

Pair  of  Engines / 

Cast  -  iron      Crank  -  Shafts  :\ 

Pair  of  Engines / 

740 
1150 

1160 

1805 

820 

1272 
(1) 

160 
255 

257 
400 
182 
282 

(2) 

493 

767 

778 

1200 

547 

848 

(3) 

107 
170 

171 

267 

121 

188 
(*) 

870 
575 

580 
900 
410 
636 

80 
128 

129 

200 

91 

141 
(«) 

Non.— Shafts  under  4f  inchee— Small :  above  4f  hithm    l4irgc. 

We  then  haye  for  diameters  above  4f  inches  the  Rnles  :-— 

(582.)  H  =  <P  X  E  -^  Ml. 

(5B3.)  d  :=:  y  {R  X  Ml'T-'R). 

For  small  shafts,  or  those  less  than  4f  inches  diameter,  tho 
Bales  become : — 
(584.)  H  =  d*xR-T-Ms. 

(585.)  d=  ^(Hx  Ma-rR). 

la  which  Ml  itnd  M«  haye  the  yalaes  given  by  Table  86  f 
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H  =  the  Horse-power,  which  may  be  Nominftl,  Net  Indicated, 
or  Qtobb  Indicated  at  discretion :  B  =  reyolutions  per  minntey 
and  d  =  diameter  in  inches,  &o, 

(58B.)  We  may  now  give  examples  of  the  application  of  these 
Bules :  thus  for  a  4-inch  ordinary  wronght-irop  shaft,  B  being 
say  120,  &e, ;  the  diameter  being  less  than  4|  inches,  taking 
Ms  fix>m  ooL  1  of  Table  86  at  740,  Bule  (584)  gives  H  s; 
4*  X  120  -4-  740  =  41  •  5  Nominal  Horse-power ;  or  taking 
Ms  from  ool.  8  at  498,  we  obtain  H  =  4^  x  120  -^  498  =  62*8 
Net  Indicated  Horse-power.  As  a  single  engine  crank-shaft 
Mb  =  1160,  hence  H  =  4*  X  120  -,-  1160  =26-6  Nominal 
Horse-power;  or  i*  x  120  -h  778  =r  89*74  Net  Indicated 
pow^r,  &e* 

Again,  say  we  reqnird  the  diameter  for  an  ordinary  cast-iron 
shaft  for  a  Nominal  50-Hor8e  Engine,  B  =  40:  we  know 
beforehand  that  the  diameter  will  be  above  4f  inches:  then 
with  Ml  from  col.  2  of  Table  86  =  255,  Bule  (588)  becomes 
(50  X  255  -r  40)  ^  =  6|,  or  say  7  inches  diameter.  For  a  single 
Engine  crank-shaft  under  the  same  conditions  Ml  =  400,  and 
we  obtain  (50  X  400-^40)^s  7H>  ^7  8  inches  diameter. 
But  for  a  pair  of  Engines  of  equivalent  power  (25-Horse  each) 
Ml  =  282,  hence  (50  x  282  -4-  40)^  =r  7i  inches  diameter  in 
cast  iron,  drc. 

(587.)  ''Marine  Ihigine  ShaftsJ'-^The  Oro$$  Indicated  Horse- 
power  is  usually  the  only  reliable  index  of  the  power  of  Marine 
Steam-Engines,  being  easily  obtained  by  the  **  Indicator  " :  the 
>atio  which  this  usually  bears  to  the  reputed  or  Nominal  power 
of  the  makers  is  much  greater  than  2  to  1,  which  is  an  ordinary 
ratio  with  Land  Engines.  The  ratio  with  12  Engines  of  the 
largest  class  from  1850  to  400  Nominal  and  6867  to  1400  Gross 
Indicated  Horse-power  was  found  to  vary  from  5*86  to  8*5, 
the  mean  being  4*85  to  1*0.  This  shows  that  the  Nominal 
power  of  Marine  engines  is  utterly  unreliable  as  a  basis  for 
calculating  the  diameter  of  propeller  shafts,  and  that  the  Ghross 
Indicated  power  should  always  be  t^ken.  Table  87  gives  a  few 
cases  of  shafts  in  practice  compared  with  the  sizes  calculated 
by  our  rule  (582).  Col.  8  shows  that  there  are  extraordinary 
4ifforences  in  the  practice  of  even  our  leading  EngineerS|  somo 
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Table  87. — Of  MARnm  Enoihis  Shafts  in 

Practici. 

* 

Hone-Power. 

Diam.  In  IndiM. 

Maker. 

Kcnie. 

OroM 

Indi- 

*c»ted. 

lUilo. 

Ber. 

ActoaL 

Galea- 
lat«d. 

DIff. 

per 

oeot. 

ValM 

Aji^noonrt 
Warrior  .. 
Rerapis  .. 
Pera 
Simoom  •• 

1350 

1250 

700 

400 

400 

(0 

6867 
5470 
4100 
1400 
1400 

(«) 

51 

4-4 

5-86 

8-5 

3-5 

53      23 
53      17 

58      16 
58      llf 
62    ,  13f 

(0    j  W 

22-76  +  3      Mandslav 
21-1    -47        Penn 
18*6   —36  Humphreys 
13  0   -83       Rennie 
12-71  +  17  J.Watt&Oa 

95-4 
47-6 
55-5 
61-1 
106 
(8) 

making  their  propeller  shafts  about  24  times  the  strength  of 
others :  thus  106  -f-  47  *  6  =  2  •  227.  From  this  it  would  appear 
that  there  is  no  Standard  Rule,  bat  that  each  maker  follows 
some  rule  of  his  own.  In  coL  6  we  hare  the  calculated  sizes 
by  our  rule,  which  for  the  sake  of  distinctness  we  may  repeat  in 
more  definite  form : — 


(588.) 
(589.) 
(590.) 


Ha 
d 


d»xB-=.91. 
^(Ho  X  91  ^  R). 
d»  X  R-rHo. 


In  which  H^  =s  the  Oross  Indicated  Horse-power;  d  s 
diameter  in  inches ;  B  =  revolutions  per  minute,  and  Ml  ss  a 
constant  obtained  from  a  case  in  practice,  which  is  taken  at  91 
in  the  rules  and  as  given  by  coL  6  of  Table  86 :  col  8  gives 
the  value  for  each  shaft,  thus  enabling  the  engineer  to  select  as 
a  basis  the  one  whose  strength  commends  itself  to  his  judgment. 
Our  Rule  (589)  gives  sizes  approximating  to  the  strongest 
shafts  in  Table  87,  and  may  be  considered  perfectly  safe. 

(591.)  There  is  no  important  part  of  Marine  Engines  which 
fftils  so  frequently  as  the  propeller  shaft :  casualties  from  this 
cause  are  constantly  occurring,  in  most  cases  imperilling  the 
safety  of  the  vessel  and  the  lives  of  the  passengers.  In  some 
cases  the  results  have  been  most  disastrons,  as  with  the 
Australian,  where  the  shaft  not  only  failed,  but  also  damaged 
the  vessel  so  much  that  she  foundered  in  mid-ocean.    These 

x2 
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numerous  failures  seem  to  show  that  propeller  shafts  are  fre* 
quently  made  too  weak  for  their  work,  which  is  greatly  to  be 
deplored  considering  the  magnitude  of  the  interests  involved. 

(592.)  "  Crane  Shafts," — The  strains  on  a  series  of  crane 
shafts  being  well  known,  it  might  be  supposed  that  the 
diameters  might  be  calculated  throughout  by  the  Bule  (557), 
in  which  the  strength  is  made  proportional  to  the  cube  of  the 
diameter.  But  by  following  that  course,  the  small  shafts  come 
out  much  too  small  to  satisfy  practical  judgment,  and  it  would 
appear  that  the  case  is  governed  by  stiffness  rather  than  bj 
absolute  strength,  and  that  the  strains  should  be  in  proportion 
to  d*  instead  of  (f. 

The  short  neck  of  the  barrel-shaft,  however,  may  be  sized  by 
Bule  (557) :  then  taking  that  diameter  as  a  basis,  the  strains 
throughout  the  series  should  be  as  (2*. 

(598.)  Let  Fig.  171  be  the  outline  of  tiie  gearing  of  a  large 
crane  to  raise  10  tons  with  a  single  chain  by  four  men ;  or 
20  tons  if  a  running  pulley  be  used.  The  strain  being  10  tons 
or  22,400  lbs.  on  the  chain,  becomes  at  e  or  at  the  pitch 
Hne  of  the  wheel  H  =  22,400  x  16  4-  45  =  7467  lbs. ;  at  6, 
7467x7- 6 -5-27=2080  lbs.;  at  a,  2080  x  4-6 -5- 18=520  lbs.; 
and  at  the  handles  520  x  3-^  16  =  97^  lbs.,  or  say  25  lbs.  each 
man. 

We  t»n  now  determine  the  diameters  of  the  shafts:  the 
torsional  strain  on  D  is  22,400  lbs.,  but  taking  tiie  "  Factor  of 
Safety  "  at  10  we  have  224,000  lbs.  breaking  weight :  the  acting 
radius  of  the  barrel  measured  at  the  centre  of  the  chain  being 
15  inches,  and  the  value  of  tAt  for  wrought  iron  =  10,580  by 
(571),  Rule  (557)  becomes  d  =  (224,000  X  15  -r- 10,580)  y  =  6^, 
or  say  7  inches  diameter  at  the  neck  of  the  barrel-shaft  D. 

Having  thus  found  D,  we  have  to  find  £,  F,  Q :  now  7^=2401 
by  Table  85 ;  then  for  E  we  obtain  2401  x  15  -r  90  =  400 
or  say  4^  inches  diameter  by  the  same  Table:  F  becomes 
400  x  9  -r  54  =  66*6,  or  say  2|  inches:  and  lastly  the  hand- 
shaft  G  =  66-6  X  6  -h  86  =  11-1,  or  say  1|  inch  diameter. 

(594.)  '*  Wheels" — Having  thus  found  the  sizes  of  tiie  shafts* 
we  may  complete  the  illustration  by  calculating  the  pitch  and 
breadth  of  the  gearing.    It  is  shown  in  the  Author's  Treatise 


TOB8IONAL  STRAIN:   OBANB  SHATTg,  XTO.  809 

on  '  Mill-Gearing '  that  the  absolnte  strength  of  a  wheel-tooth 
for  a  dead  load  will  be  given  by  the  Bule  :*— 

(595.)  W  =  p  X  w  X  350. 

In  which  W  =  the  safe  load  on  the  tooth  In  lbs. ;  p  =  the 
pitch,  and  w  =  the  width  on  the  face,  in  inches.  If  we  assume 
for  the  wheel  and  pinion  H,  J,  say  p  =  2f  inches,  and  w  s 
7|  inches,  we  obtain  W  =  21  X  Tf  X  350  =  7460  lbs.  at  c,  or 
Tery  nearly  the  actual  strain  at  that  point  which  we  found  (593) 
to  be  7467  lbs. 

If  we  applied  the  same  method  of  calculation  to  E  L  and 
M  N,  it  would  be  found  that  the  pitch  and  width  would  come 
out  excessively  light,  and  that  it  is  necessary  to  use  a  modifica- 
tion of  the  Bule  for  wheels  in  motion  in  (944),  which  becomes : — 

(596.)  P  =  VD  xB  XfXw. 

In  which  D  =s  diameter,  say  in  feet ;  p  =  pitch,  and  w  s 
width,  in  inches ;  B  =  revolutions  in  any  given  time ;  P  s  the 
power  of  the  wheel,  which  in  this  case  is  a  proportional  number 
only,  and  must  be  of  equal  value  for  all  the  wheels,  for  ob- 
viously, however  the  sizes  and  revolutions  may  vary,  the 
mechanical  power  exerted,  or  work  done  must  be  the  same 
throughout  the  series. 

(597.)  Now,  admitting  that  the  sizes  found  in  (595)  for  the 
wheel  H  are  correct,  namely  7^  feet  diameter,  2|  inches  pitch, 
7}  inches  wide,  and  assuming  for  the  purposes  of  calculation 
1  revolution  per  minute,  Bule  (596)  gives  P  =  V7'5  x  1  X 
2|"  X  7}  =  160.  Then  if  H  =  1  revolution,  K  =  6,  and  M  = 
86  revolutions  as  in  Fig.  171. 

Assuming  for  E,  2^  inches  pitch,  6^  inches  width,  Bule  (596) 
gives  P  =  Vf'S  X  6  X  2 J"  x  6J  =  164,  which  is  near  enough 
to  160  as  found  for  H.    A^ain,  assuming  for  M,  1^  inch  pitch, 

4^  inches  wide,  we  obtain  P  =  A/d~x~B6  X  1^"  X  4^  =  164 : 
we  have  thus  obtained  the  sizes  for  all  the  wheels  in  the  train, 
giving  practically  equal  strength  throughout. 

To  show  the  necessity  for  the  method  of  calculation  we  have 
adopted,  say  we  apply  Bule  (595)  by  which  the  proportions  of 
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H  were  obtained,  to  the  wheel  and  pinion  M,  N,  where  the 
strain  at  the  pitch  line  =  520  lbs* :  then  1  inch  pitch,  1^  inch 
wide,  gives  W  =  1  X  1^  X  850  =  525  lbs.  as  required,  but  of 
course  those  sizes  are  obviously,  and  indeed  absurdly  too  lights 
when  contrasted  with  H  pitch,  4^  wide. 

(598.)  "10-ton  Crane  Oeariruf," — ^To  vary  the  illustration, 
let  Fig.  172  be  the  outline  of  tiie  gearing  for  a  crane  to  raise 
5  tons  with  a  single  chain,  or  10  tons  with  an  ordinary  running 
pulley,  by  4  men.  The  strain  on  the  chain,  or  11,200  lbs., 
becomes  11,200  X  9  -f-  30  =  3360  lbs.  at  a ;  3360  x  4  -?-  21  = 
640  lbs.  at  h ;  and  640  x  2^  -^  16  =  100  lbs.  at  the  handles, 
giving  25  lbs.  to  each  man. 

With  10  for  the  "Factor  of  Safety**  we  have  112,000  lbs. 
breaking  weight  at  the  circumference  of  the  barrel,  and  by 
Eule  (557)  we  obtain  d  =  (112,000  x  9  4- 10,580)  ^  =  4^  inches 
diameter  at  the  neck  of  the  barrelnshaft  D.  Then  following 
the  same  course  as  in  (593)  we  have  4^^  =  410  for  D ;  E 
becomes  410  x  8  4-  60  s  54*7,  say  2|  inches;  and  F  = 
64*7  X  5  -^  42  =  6-5,  say  If  inch  diameter,  all  by  Table  85. 

For  the  wheels,  we  will  assume  for  S,  2  inches  pitch, 
4f  inches  vnde,  for  which  Rule  (595)  or  W  =  |}  X  tr  X  350, 
becomes  2  x  4|  X  350  =  3325  lbs.,  or  very  nearly  3360  lbs.,  the 

actual  strain.    Then  the  Rule  (596),  or  P  =  VDxR  Xf^Xw, 

becomes  for  this  same  wheel,  P  =  V5  x  1  X  2*  X  4|  =  42*5. 
Assuming  for  the  wheel  U,  If  inch  pitch,  3^  wide,  we  obtain 

P  =  V3-5  X  7-5  X  If  X  3i  =  42-3,  being  equal  to  thd 
wheel  S,  as  required. 

(599.)  In  most  cases  of  heavy  cranes,  it  would  be  expedient 
to  reduce  the  strain  on  the  chain  by  the  use  of  several  running 
pulleys :  on  the  other  hand,  the  strain  on  the  chain  and  wheel- 
gearing  being  the  same,  the  load  lifted  may  be  greatly  increased 
by  the  same  means.  Thus  with  10  tons  on  the  chain,  as  in 
(593),  we  had  20  tons  lifted  by  1  running  pulley :  with  2  run- 
ning pulleys  we  should  have  4  chains,  and  40  tons  lifted :  with 
8  running  pulleys,  6  chains  giving  60  tons,  &o.  In  all  those 
oases  the  strain  on  the  chain  and  gearing  would  be  that  due  to 
10  tons  only :  but  of  course  the  strength  of  the  Jib  of  the  orano 
Would  require  to  be  adapted  to  the  actual  load. 
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CHAPTER  XV. 

OH  EXTENSION  AND  OOMPBBSSION. 

(600.)  Wiih  all  materials,  a  tensile  strain  has  the  effect  of 
increasing,  and  a  compressive  strain  of  decreasing  the  length  of 
a  bar  subjected  to  those  strains.  The  variation  in  length  may, 
with  small  strains,  be  infinitesimallj  small,  and  quite  inappre^ 
ciable  to  ordinary  observation,  but  sufficiently  refined  and 
delicate  measurements  show,  even  with  the  most  rigid  materials 
and  the  smallest  strains,  that  there  is  an  accompanying  alteration 
in  length. 

In  most  oases,  this  longitudinal  change  of  dimension  is 
accompanied  by  opposite  and  contrary  changes  laterally ;  that 
is  to  say,  a  tensile  strain  which  increases  the  length  of  the  bar 
is  accompanied  by  a  corresponding  reduction  in  diameter,  &c  ; 
in  that  case,  the  density  or  specific  gravity  of  the  body  is 
unchanged.  But  in  other  cases  there  is  an  obvious  disruption 
or  partial  dislocation  of  the  component  parts  of  the  material, 
which  never  return  perfectly  to  their  primitive  places,  the  bar 
remains  permanently  longer  or  shorter  than  before,  and  takes  a 
^  permanent  set." 

The  experimental  information  on  the  extension  and  compres- 
sion of  materials  by  direct  strains  is  very  scanty,  except  for 
cast  and  wrought  iron;  fortunately  on  these,  ihe  most  im- 
portant of  all  the  materials  used  in  the  arts,  we  have  in  the 
wonderfully  refined  and  exhaustive  labours  of  Mr.  Hodgkinson 
abundant  data,  leaving  little  or  nothing  to  be  desired. 

For  Timber  and  all  other  materials  we  shall  have  to  deduce 
the  longitudinal  elasticity  from  the  deflection  as  a  beam  by 
transverse  strains,  which,  as  we  shall  find,  is  a  rather  uncertain 
and  unsatisfiEUJtory  method. 

It  will  be  convenient  to  consider  extension  and  compression 
together.  As  they  follow  similar  laws  there  will  be  no  objection 
to  that  course,  which  will,  moreover,  have  the  advantage  of 
giving  comparative  results  which  will  be  usefuL  The  resistance 
to  compression  where  the  bar  is  of  considerable  length,  and  is 


312 


BXTBN8I0N   OF  OAST  IBON:  BZPIRIMENTB. 


5 

a 


00 


i 

E 

H 


S.7 


•8 

I 

8 


& 


i1s« 


III 


i 


8? 


I 


X 


<& 


1 1 


I 


I 


j 


to 

CO 


o 

o 


•  8 

CO 


s 
•  i 

99 


8 
•  5! 


04  i-l 


•     0) 
CO 


o 

:  S 


CO 


CO 
C4 

99 


00 


•   t* 


s     s 

lO  1-4 


•       1^       • 

04 


09 


04 


•     CO 

o» 

CO" 


k    § 


s 


CO 


P     •   So 


00               r«  09         ^  m         o> 

l>                       t*  ^              Oi  09               ^ 

^                 ^  95          ^ 

•  op            •           •00  aOO            •^            • 

I  S         I  «         o 

•  •  •                       •  •                        • 

•  •                           •                       • •                       • 

^oo^  eooioo  *o   ^   -^ 

A-^>oiQ  ddir5S5o5co  co3oo 

t     1-1-^1-1  040IC0C0'-t<  4i>o« 

OOO  90000  ooo 

ooo  OOOOO  Q<5o 

ooo  OOOOO  ooo 

•           ••iH  ••-i*e4*o4*eo 

o                Q  o          o  5          o" 

M            s  SJ       2  a       p* 

•  ^4         •         •09  "CO         '^         •  CO         •t» 
w4                        oT  00              ^  Mi              CO 

^    55  ^          o          o>  CO 

QO     O  CO               ^              CO  Cj 

o      .ioi-i      •  ^^      ^oi      ;®^  "CO* 

^'»H09  «*"^'»0  'so* 


KXTKN8I0N  OF  OABT  OtOM :   KXPaBDONTS. 


818 


S 

o 


•     99 


GO 


3 

04 


•  8 


§ 


04 


s 

09 


•    CO      •    oo 

•53      •    2tl 

o         o 


CO 


CO 

o 

CO 


»o 


:  2    :  a 

CO  Ol 

0^  0)' 


s 


09 


I 


CO 


04 


»o 


04 

-^ 

00 

o 

:  i 

o 


§Q         viN           '^         cp         ^  go         CO 

«          00            m          CO          o  S          SS 

•  QO           •O)*C»«C*rH«04  •0(5*^O 

••^        •»iN«i-t«o4»o^«oi  'oi'OiO 

•                           •                       •                           •                       •                       •  •                        • 

*^                oo                09Q0O  09^ 

$                 "^©9                90DOO  'S'^^ 

•  O           •     m-*        .09        (CO        •'^        •CO  ^r*        •Q02^ 

•                        ••                        •••  •• 

"^            i-ifh            eoi-i<H  ^S 

•    Ui       -w       •       Ol       •CO       »    vi  t^H       •o       ^ 

•r*      '^      •     o      •!-•      'CQ  'O      't^w 

O                O                   fH                i-l                ^  ^                >~4 

si      s     s     s  s     s 

• • •                          •                      •                      •  ■                      • 

..l§i|§P§§88|f 

2eo       •^•3?»»ft-»ft*co  'o't^S 

•  00         •    ^^       •    c^       •       ^^       •    00       *    ^«^  •    'A       •    CO       ^^ 

t^'oO              O                 i-T             09**00  <^'lfl'^ 

fH                  ph              vh              fH  fh              ^^ 

15            S          5          05             '^          55  o          55 

&««>«            ortJ  oo            _ 

•»•         •>•*«••>        ••>•»•  »>••»•      ^* 

I*               000>0                1109  00"*                   . 


314  blastioitt:  extension  or  oast  ibon. 

lefl  free  to  deflect  sideways,  is  considered  in  the  Chapter  on 
Pillars,  and  in  treating  on  elasticity  under  oompression  in  this 
chapter,  the  body  will  be  supposed  to  be  supported  laterally,  so 
that  it  is  prevented  from  yielding  by  flexure. 

(601.)  "  Cast  Iron,^ — ^We  shall  consider  first  the  elasticity  of 
Oast  Iron,  not  only  because  of  the  importance  of  that  material, 
but  more  particularly  because  its  elasticity  being  yery  imperfect, 
the  resulting  phenomena  are  instructive,  and  will  facilitate  the 
study  of  other  more  perfect  materials,  such  as  wrought  iron  and 
steeL 

Mr.  Hodgkinson  made  experiments  on  the  extension  of  cast 
iron  by  suspending  rods  of  that  material  vertically  in  a  lofty 
building  and  loading  them  by  direct  weights.  The  bars  were 
about  1^  inch  diameter,  1  square  inch  area,  and  50  feet  long ; 
they  were  of  four  different  kinds  of  Iron,  namely,  Lowmoor 
19  o.  2,  Blaenavon  No.  2,  Gkurtsherrie  No.  8,  and  a  mixture  com- 
posed of  Leeswood  No.  3  and  Qlengamock  No.  8,  mixed  in 
equal  proportions.  The  mean  ultimate  cohesive  strength  of 
these  four  different  kinds  of  iron  was  7*014  tons  per  square 
inch ;  they  may  therefore  be  regarded  as  fair  samples  of  British 
cast  iron,  the  mean  ultimate  cohesive  strength  of  which,  as 
found  by  very  numerous  experiments  on  23  kinds  of  iron,  we 
found  (4)  to  be  7*  142  tons  per  square  inch.  Table  88  gives  in 
ools.  1  and  4  the  mean  experimental  strains  and  corresponding 
extensions  of  the  four  different  kinds  of  iron  named,  the  latter 
being  reduced  to  parts  of  the  length  for  convenience  of  reference 
and  general  application.  The  extensions  for  even  tons  and 
half-tons,  as  given  by  cols.  2,  3,  4,  were  obtained  by  direct 
interpolation  between  the  next  preceding  and  following 
experimental  numbers,  without  correction. 

It  will  be  observed  that  the  extensions  are  not  simply  and 
directly  proportional  to  the  strains,  but  that  they  increase  in  a 
higher  ratio,  this  fact  being  due  to  defective  elasticity.  Mr. 
Hodgkinson  has  given  rules  which  agree  moderately  well  with 
the  experimental  results,  and  may  be  modified  into  tho 
following  :— 

(602.) 

E  a  -00239628  -  {-00000674215  -  (-00000077044  x  W}* 
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(60S.)  W  =  (6220  X  E)  -  (1298000  x  E^> 

In  which  E  =  ExtoDsion  in  parts  of  the  length. 

19       W  =  Tensile  Strain  in  Tons  per  square  inch. 

Thus,  saj  we  require  the  extension  due  to  2  tons  per  square 
inch:— we  have  first  -0000007704  x  2  =  -00000164088. 
Then  (-00000574215  -  •  00000154088)  V  =  -00204970,  and 
•00239628  -  -00204970  =  -00034658,  the  extension  by  2  tons 
required,  which  with  a  length  of  say  50  feet,  or  600  inches 
=  00084658  X  600  =  -  208  inch. 

Again,  say  we  require  the  strain  due  to  an  extension  of 
•00133821 ;  we  have  first  6220  x  -00188821  =  8-32.  Then 
•00133821*=  •  000001791  and  -000001791  x  1298000  =  2-82 ; 
finally,  8'82  —  2-32  =  6  ions  per  square  inch,  the  strain 
sought. 

The  ool.  5  in  Table  88  has  been  calculated  in  this  way  up  to 
6  tons  per  square  inch : — ^for  6^  and  7  tons  the  rule  gives 
-00153938  and  -00180546  respectiyely,  which,  being  consider- 
ably in  excess  of  the  experimental  results  as  plotted  in  a 
diagram,  &c.,  we  have  adopted  the  latter  for  those  two  strains. 
Ools.  6  and  7  have  been  obtained  from  col.  5. 

(604.)  "De/ed  of  Elasticity:' —  Wiih  a  perfectly  elastic 
material  equal  increments  of  weight  would  produce  equal 
amounts  of  extension  throughout,  up  to  the  breaking  strain. 
But  ooL  6  of  Table  88  shows  that  with  cast  iron  the  extensions 
by  each  successive  half-ton  progressively  increase  from 
•00008178  with  the  first  to  -00018496  with  the  last,  the  mean 
extension  per  ton  (which  is  a  different  thing)  being  with  1  ton 
•00016655,  and  with  7  tons  -00024286. 

With  a  variable  rate  of  extension  as  with  Cast  Iron,  it  becomes 
necessary  clearly  to  distinguish  the  mean  extension  between  two 
given  strains  from  that  at  a  given  strain : — ^for  instance,  between 
0  and  7  tons  per  square  inch  the  total  extension  by  col.  5  is 
•0017,  or  at  the  mean  rate  of  -0017  -r-  7  =  -00024286  per  ton 
as  given  by  ool.  7 ;  but  the  first  half-ton  gives  *  00008178,  or  at 
the  rate  pf  *  00008178  X  2  =  -00016356  per  ton,  which  is  con- 
siderably less,  and  the  last  half-ton  gives  -0017  -  -00151504 
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s  '00018496  as  in  col.  6,  or  at  the  rate  of  -00018496  x2^ 
*  00086992  per  ton,  which  is  considerably  greater. 

The  cols.  8  and  9  were  obtained  by  the  same  reasoning,  and 
will  be  understood  from  the  preceding  explanations: — thns, 
with  a  bar  strained  with  2  tons  or  4480  lbs.,  each  snccessive 
pound  produces  a  greater  extension  than  the  one  preceding, 
yarying  by  col.  9  from  *  00000007488  per  lb.  when  loaded  with 
^  a  ton  to  *  00000008894  per  lb.  when  loaded  with  2  tons. 
The  mean  rate  of  extension  is  not  an  arithmetical  mean  of  those 
extremes,  but  is  given  by  col.  8  at  -00000007736. 

The  extension  of  cast  iron  may  be  calculated  with  modtn^o 
aoonraoy  by  the  Kules : — 

(605.)      E  =  (-00015  X  W)  +  (-0000122  x  W"). 

(606.)  ^-{Tmoi^i  +  ^'^^t-^'''^ 

By  this  rule  with  tensile  strains  of 

12  8  4  5  6  7 

tons  per  square  inch,  the  extensions  become 
•0001622  -0003488  -0005598    -0007952  -0010550  -0018392  -0016478 

By  Table  88,  col.  4,  the  experimental  extensions  for  the  same 
strains  were 

•00016556  -00034865  -00054894  -00077282  00102371  -00134480  •00167840 

By  Mr.  Hodgkinson's  rule  (602)  we  found,  as  in  Table  88,  &e^ 
the  extensions : — 

•00016655   00034658  -00054430  '00076521  -00102153  -00133821  -00180546 

The  application  of  Table  88  to  practice  may  be  easily  illus- 
trated. Say  we  require  the  extension  of  a  bar  1000  inches  long 
by  a  strain  of  7000  lbs.  per  square  inch ; — then  the  nearest 
number  in  coL  2  is  6720  lbs.,  when  by  coL  8  the  mean  extension 
is  -000000081  per  lb.,  hence  we  have  -000000081  X  7000  x 
1000  =  -567  inch. 

Now,  if  we  required  the  effect  of  say  582  lbs.  more  or  leas  on 


XLA8TICITY:  C0MPBE8SI0N   OF  OAST   IfiOK.  817 

the  bar  already  loaded  with  7000  Iba.,  we  have  hj  coL   9, 

•  00000009403  x  632  x  1000  =  •  05,  or  ^^th  of  an  inch.  If 
this  bar  had  been  loaded  with  ^  a  ton  only,  then  532  lbs.  would 
have  produced  an  extension  of  *  00000007433  X  582  x  1000  = 

*  0895,  or  iTs  ii^o^ ;  ^^^  ^  loaded  with  7  tons,  then  the  exten- 
sion would  have  been  -0000001662  x  582  x  1000  =  -0884,  or 
ifs  inch.  The  effect  of  a  given  tensile  strain  is  therefore  not 
uniform,  but  yaries  with  the  load  which  the  bar  bears  before- 
hand, in  the  ratio  of  2  *  236  to  1  by  coL  9  with  initial  strains  of 
7  tons  and  ^  ton. 

(607.)  ^  Compression  of  Cast  Iron,^ — Mr.  Hodgkinson  made 
experiments  on  the  compression  of  bars  of  cast  iron  about  1  inch 
square  and  10  feet  long,  which  were  inclosed  in  a  frame  of  cast 
iron,  which  preyented  lateral  flexure.  They  were  an  easy  fit, 
and  the  bar  was  oiled  and  was  struck  occasionally  in  different 
parts  with  a  hammer  to  eliminate  as  much  as  possible  the  effects 
of  Motion.  There  were  four  kinds  of  iron,  being  in  fact  the 
same  as  those  whose  extension  under  tensile  strains  had  been 
previously  determined  (601),  namely,  Lowmoor  No.  2,  Blaen* 
avon  No.  2,  Grartsherrie  No.  8,  and  a  mixture  of  Leeswood  No.  8 
and  Glengamock  No.  8  in  equal  proportions.  There  were  two 
experiments  on  each  kind,  therefore  8  experiments  altogether, 
and  the  mean  results  are  given  by  Table  89,  the  observed  com- 
pressions being  reduced  to  parts  of  the  length  for  convenience 
of  application.  It  will  be  observed  that,  as  with  the  extensions 
so  Mrith  the  compressions, — they  are  not  simply  proportional  to 
the  strains,  but  increase  in  a  higher  ratio  throughout,  this  result 
being  due  to  defect  of  elasticity. 

Mr.  Hodgkinson  has  given  rules  for  the  compression  of  cast 
iron  under  crushing  strains  which  agree  fairly  with  the 
experimental  results;  the  following  is  a  modification  of  those 
Bules: — 

(608.) 

C  =  •0123684  -  {•000162858  -  (-000004283  X  Wc}*. 
(609.)  Wo  =  (6778  x  0)  -  (233473  x  C*). 

In  which  Wc  =  the  compressive  strain  in  tons  per  square  inch. 
„  C  =:  the  compression  in  parts  of  the  length. 
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Thns,  to  find  the  oompreBsion  by  12  tons,  we  baye  first 
•000004283  X  12  =  -000051396  ;  then  (-000162853  - 
•000061396)  V  =  -0100726,  and  -0123634  -  '0100726  = 
•0022909,  ihe  compression  songbt,  which,  with  a  length  of 
say  30  feet,  or  360  inches,  becomes  •  0022909  x  360  =  -0825 
inch. 

Again, — to  find  the  strain  dne  to  a  compression  of  -00187422 
in  a  bar  whose  length  =  1*0;  we  have  first  -00187422^  = 
•000003513,  then 

6733  X -00187422    =10-83 
233473  X  •  000003613  =      •  82 


10-00  tons  compressive  strain* 

llie  col.  6  in  Table  89  has  been  calcolated  by  this  rule  np  to 
13  tons,  beyond  which  the  experimental  results,  as  plotted  in  a 
diagram,  seem  to  show  that  the  role  gives  the  compressions  too 
small.  In  the  experiments  the  maximnm  strain  was  61,480  lbs.» 
or  nearly  23  tons  per  sqoare  inch;  continuing  the  curve  by 
judgment,  we  have  obtained  the  compressions  up  to  42  tons  per 
square  inch,  which  is  nearly  the  mean  ultimate  crushing  strain 
for  British  Cast  iron,  as  determined  by  numerous  experiments 
on  23  difierent  kinds  of  iron ;  see  Table  31  and  (132).  Beyond 
the  experimental  strain  of  23  tons,  therefore,  the  compressions 
given  are  of  doubtful  accuracy. 

(610.)  In  order  to  determine  the  compressions  with  l^eavier 
strains  up  to  the  crushing  load,  Mr.  Hodgkinson  made  another 
series  of  experiments  on  short  cylinders  of  various  kinds  of  cast 
iron  }  inch  diameter,  and  1^  inch  high,  except  one  specimen, 
which  was  1^  inch  diameter  and  2^  inches  high,  the  results  of 
which  are  given  by  Table  90.  For  comparison  we  have  given 
in  the  first  line  the  mean  compressions  of  long  bars  in  a  guide- 
frame,  as  found  by  the  former  experiments,  and  given  in 
Table  89. 

(611.)  It  will  be  observed  that  the  experiments  on  short 
cylinders  gave  very  anomalous  results,  exceeding  greatly  those 
obtained  from  the  long  bars.  Confining  ourselves  to  20  tons 
per  square  inch,  which  is  well  within  the  limits  of  the  cb$erved 
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eompresdons  with  the  loDg  bars,  we  find  that  the  riiort  eylinder 
of  Ystalyfera  iron  gave  •  0083  -r-  •  0047242  =  1-76,  and  the 
Lowmoor  *0161  4-  '004742  =  3*4  times  the  compression  given 
by  the  long  bars.  With  42  tons,  which  is  nearly  the  mean 
crashing  strain  for  British  iron,  the  short  cylinders  of  Clyde 
iron  gave  •  0446  4- '  0243574  =  1  *  88,  and  the  mixed  irons 
•  07  -f-  '0243574  =  2*87  tiroes  the  estimated  (609)  compression 
of  the  long  bars. 

In  searching  for  a  reason  for  this  great  discrepancy,  we 
might  at  first  be  led  to  suppose  that  it  was  dne  to  the  fact 
that  the  short  cylinders  were  free  to  expand  laterally  in  pro- 
portion to  the  longitudinal  compression,  while  the  long  bars, 
being  confined  in  a  guide-fran^e,  were  prevented  from  doing 
so;  but  the  fit  of  the  latter  was  presumably  so  slack  that 
this  reason  seems  inadequate  to  account  for  the  differences 
observed. 

Mr.  Hodgkinson  himself  seems  to  have  suspected  that  there 
were  considerable  errors  in  the  observed  compressions  of  the 
short  cylinders  due  to  the  method  by  which  they  were  taken  ; 
he  says  ^  they  were  crushed  between  two  discs  of  steel  f  inch 
thick,  which  were  parallel  to  each  other.  Between  the  disc  and 
the  specimen,  both  at  top  and  bottom,  a  very  thin  piece  of  lead 
was  interposed  to  prevent  irregular  action  against  each  other ; 
but,  notwithstanding  the  care  taken,  it  is  probable  that  the 
results  of  these  experiments  are  not  free  from  considerable 
errors  arising  from  the  following  causes:  the  great  weights 
applied,  20  or  80  tons  per  square  inch  of  section,  caused  the 
ends  of  the  cylinders  to  be  driven  into  the  surface  of  the  di8<» 
to  such  a  degree  that  the  sur&ce  of  the  steel  sometimes 
remained  irregular  and  broken  after  the  experiments,  showing 
the  form  of  the  ends  of  the  cylinder.  From  the  same  cause  the 
discs  of  steel  would  become  slightly  incurvated,  and  their 
distances  asunder  would  be  decreased  more  than  was  due  to  the 
diortening  of  the  cylinder  by  the  quantity  of  its  penetration 
into  the  discs,  added  to  their  approach  through  flexure." 

(612.)  The  experiments  on  short  cylinders  must  therefore  be 
regarded  as  of  doubtful  accuracy,  and  in  the  present  state  of  our 
knowledge  the  compressions  given  by  Table  89  from  experi<« 


324  ELA8TICITT:  OOMTBEaeiOX  or  CAST   IBOltl 

ments  on  long  bars  may  be  taken  as  approximately  correct  fot 
all  strains  up  to  the  crashing  load.  The  shortening  of  a  pillar 
under  heavy  strains  is  very  considerable ;  thns,  by  Table  89, 
with  42  tons  per  square  inch,  a  pillar  10  feet,  or  120  inches,  long 
is  shortened  -0243574  X  120  =  2*92,  or  nearly  8  inches.  K 
we  admitted  the  results  given  by  Table  90  for  mixed  iron,  we 
obtain  *07  x  120  =  8*4  inches  compression;  even  nnder 
ordinary  strains,  the  amount  of  compression  is  much  greater 
than  most  practical  men  are  aware  of;  for  instance,  with  the 
ordinary  safe  strain  of  one-third  of  the  ultimate  crushing  load, 
or  14  tons  per  square  inch,  a  pillar  or  series  of  piUars  joined 
end  to  end,  50  feet,  or  600  inches  long,  by  coL  5  of  Table  89  is 
shortened  -002731  X  600  =  1*6886,  or  If  inch,  and  when  thud 
loaded,  1000  lbs.,  more  or  less,  will,  by  col.  9,  cause  6 
further  change  of  length  =  *  0000001049  x  1000  X  600  =^ 
•06294,  or  TV«»ch. 

(613.)  In  Table  89,  coL  6  shows  that  the  compression  is  not 
simply  proportional  to  the  weight,  but,  on  the  contrary,  is  pro* 
gressively  increased  from  '0001744  with  the  first  ton  to 
•0013156  with  the  last,  or  42nd*  The  ratio  of  the  com-^ 
pressions  with  equal  weights  is  therefore  '0013156  -f-  '0001744 
=  7*53  to  I'O ;  this  being  due  to  defect  of  Ehistioity  (604). 

The  rate  of  compression  being  thus  variable,  it  becomes 
necessary,  as  we  found  to  be  the  case  with  extension  (604),  to 
distinguish  the  mean  compression  between  two  given  strains 
from  that  produced  by  a  certain  weight  on  a  bar  already  loaded* 
This  has  been  explained  and  illustoated  for  variable  extension^ 
and  need  not  be  repeated  here.  Ools.  8  and  9  have  been 
obtained  by  analysis  with  the  numbers  given  by  the  experi* 
ments :  an  illustration  of  their  application  will  suffice ;  a  pillar 
1000  inches  long,  loaded  with  20,000  lbs.  per  square  inch,  will, 
by  col.  8,  be  shortened  •  00000008294  x  20000  x  1000  =  1  •  659 
inch,  and  when  thus  loaded,  an  extra  strain  of  1  owt.,  or  112  lbs., 
wiD,  by  col.  9,  give  -00000008941  x  112  x  1000  =s  -01,  or 
j^^th  inch  compression,  &c 

For  moderate  compressive  strains,  say  nnder  15  tons  per 
square  inch,  the  compression  of  cast  iron  will  be  given  with 
considerable  accuracy  by  the  Bules ;— 
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(614.)     0  =  (-00017  X  Wc)  +  (-0000018  X  WS)* 


(615.)Wo«{;^|^3+2228 


(*-47-2. 


tn  whicli  0  s=  Compression  in  puts  of  the  length* 

Wc  =  Cradling  weight  in  Tons  per  square  inch. 

Thus,  to  find  the  compression  dne  to  15  tons  per  sqniire  inoh| 
15'  being  =  225,  we  have  -00017  X  15  =  « 00255  ;  and 
•0000018  X  226  =  '000406.  Then  '00255  +  -000405  =s 
^002955,  the  compression  sought. 

Again ;  to  find  the  compressive  strain  dne  to  a  compression 
«  -002955,  we  have  -002955  4- -0000018  =  1641;  then 
(1641  +  2228)  V  =  62-2,  and  62-2  -  47-2  =  15  tons,  the 
strain  required,  dbc  Calculating  in  this  way,  we  obtain  the 
following  results ;— 


Tons.  Compmntoo. 

1  =  -0001718 

2  =  -0003472 
8  =  -0005262 

4  =  '0007088 

5  =r  -0008950 


Tons.  Compreflsios. 

6  =  -0010848 

7  =  -0012782 

8  =  -0014752 

9  =  -0016758 
10  s  -0018800 


Tons.    CompresstoB. 

11  =  -0020878 

12  =  -0022692 

13  =  -0025142 

14  =  -0027328 

15  =  -0029550 


These  compressions  differ  very  little  from  those  given  by 
Table  89 ;  with  great  strains  it  would  seem  that  the  compres^ 
sions  become  too  anomalous  and  irregular  to  be  expressed  by 
any  ordinary  practical  rule.  Thus,  for  35  tons,  Mr.  Hodgkin-^ 
son's  rule  in  (608)  gives  -01064785,  but  the  diagram,  based  on 
the  experiments  on  long  bars,  and  coL  5  of  Table  89,  gives 
'0159946,  and  the  direct  experiments  on  short  cylinders. 
Table  90,  from  -026  to  -0458.  Except  for  the  purposes  of 
scientific  research,  cast  iron  is  never  strained  beyond  one-third 
of  the  ultimate  crushing  load,  or  beyond  14  tons  per  square 
inch ;  hence  the  uncertainty  as  to  its  compression  under 
excessive  strains  is  of  little  practical  importance. 

(616.)  ^  Comparaiive  Extension  and  Compression  of  Cast 
Iron." — We  should  have  expected  instinctively  that  all  materials 
would  resist  compression  with  greater  energy  than  extensioUi 
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but  experiment  has  shown  that  with  cast  iron,  and  still  more 
with  wrought  iron  (628),  the  material  yields  more  to  a  small 
compressive  strain  than  to  a  tensile.  Confining  ourselyes  to 
the  direct  and  unreduced  experiments  as  given  by  cols.  4,  4, 
in  Tables  88,  89,  we  obtain  the  results  given  by  Table  91, 
which  show  that  for  strains  below  2  tons  per  square  inch  the 
compressions  exceed  the  extensions;  with  2*855  tons  they  are 
equal,  as  shown  by  Table  92 ;  with  greater  strains  the  exten- 
sions exceed  the  compressions,  a  feud  which  is  due  to  defect  of 
elasticity.  The  ultimate  resistance  of  cast  iron  to  compressive 
strains  being  six  times  that  for  tensile  ones,  and  defect  of 
elasticity  increasing  rapidly  as  the  ultimate  strain  is  approached, 
this  fact  tells  more  influentially  on  the  extensions  than  on  the 
compressions. 

(617.)  It  should  be  observed  that  2*855  tons  is  very  nearly 
^rd  of  7 '  142  tons,  the  mean  ultimate  Tensile  strength  of  cast 
iron,  and  -j^th  of  48  tons,  the  mean  Crushing  strength.  Let 
Fig.  206j^  be  the  section  of  a  bar  1  inch  square  and  1  foot  long, 
loaded  transversely  until  the  tensile  strain  at  B  and  crushing 
strain  at  C  are  both  =  2*855  tons  per  square  inch.  The 
extension  and  compression  with  that  strain  being,  as  we  have 
seen,  equal  to  one  another,  it  will  follow  that  the  neutral  axis 
N.  A.  will  be  in  the  centre  of  the  section.  By  Rule  (689),  the 
transverse  load  will  in  our  case  be  I'^th  of  the  maximum  strain 
at  B  or  C,  hence  we  have  Mt  =  2*855  -4-  18  s  *1814  ton, 
which  is  |th  only  of  *921  tons,  its  mean  value  for  breaking 
load,  as  given  by  col.  6  of  Table  66  (528). 

We  now  have  this  remarkable  fsLct :  that  the  **  Factor  of 
Safety  "  varies  greatly  with  the  three  great  strains  involved  in 
the  case ;  for  the  Tensile  it  is  =  8,  for  the  Crushing  =  18,  and 
for  the  resulting  Transverse  strain  =:  7. 

It  will  be  evident  from  this  that,  if  a  flanged  girder  were 
loaded  to  f  th  only  of  its  Breaking  weight,  the  proper  form  of 
section  would  be  one  with  equal  top  and  bottom  flange.  As  the 
strain  increases  beyond  |th  up  to  the  breaking  weight  the 
neutral  axis  rises  from  the  position  in  Fig.  206d^  until  it  becomes 
as  in  Fig.  168,  when,  as  shown  by  Mr.  Hodgkinson's  experi- 
ments, the  most  economical  form  of  section  is  with  fledges 
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having  areas  of  6  to  1.    His  girders  were  all  of  the  same 
depth,  namely,  5^  inches ;  the  ratio  of  areas  were  1  to 

1  2-04  8-75  4-4  6-74  6»732 

The  mean  Breaking  transverse  loads  per  square  indi  of  whole 
i^ectional  areas  were — 

2368         2567  2710  8198  8332  8729 

lbs. ;  hence,  taking  the  eqnal-flanged  girder  as  =  1  *  0,  the  mean 
increase  in  strength  per  cent,  becomes 

0  8-4  14-4  850  40-7  575 

Table  92. — Of  the  Coikoidencb  of  Exteitbion  and  Ck)MPRE88ioN  of 

Cast  Irox. 


Tons  per 
Square  locb. 

Extensioo. 

OompressioD. 

Pifferenoe. 

20 

•00034865 

•00035050 

+  •00000185 

21 

•00036817 

•00036950 

+  •00000133 

2  2 

•00038769 

•00038850 

+  •00000081 

2-3 

•00040721 

•00010750 

+  •00000029 

2-33 

•00041307 

•00041320 

+  •00000013 

2-355 

•00041795 

•00041795 

•00000000 

2-36 

•00041892 

•00011890 

—  •00000002 

2-4 

•00042673 

•00042650 

—  •  000000*23 

2-5 

•00044625 

•0Q044550 

— -OuOOOOTS 

(618  )  It  would  appear,  however,  that  the  ratio  of  the  areas 
of  the  flanges  iB  not  a  fixed  one  for  all  strains,  but  should  vary 
with  the  ratio  of  the  working  load  to  the  breaking  weight, 
rising  from  1  to  1  with  \ih.  to  6  to  1  with  the  Breaking  weight. 

It  has  been  gratuitously  assumed  that  the  best  form  of  section 
for  the  Breaking  Weight  must  of  necessity  be  the  best  for  lower 
strains  also,  say  ^rd,  which  is  the  ratio  commonly  used,  and 
thus  Mr.  Hodgkinson's  form,  with  flanges  in  the  ratio  6  to  1, 
has  been  almost  universally  adopted  in  supposed  deference  to 
authority,  although  that  proportion  would  not  commend  itself 
to  the  unbiassed  mechanical  instinct  of  practical  men:  Mr. 
Hodgkinson,  however,  is  not  responsible  for  the  erroneous 
deduction  from  his  experimental  results* 
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Beasoning  seemB  to  show  that  with  Factor  8  the  ratio  of  the 
flanges  should  be  somewhere  between  1  to  1  as  for  -fth,  and 
6  to  1  as  for  the  Breaking  weight.  Fig.  207  gives  a  section 
which  fulfils  the  condition  that  the  maximum  tensile  strain 
shall  not  exceed  ^rd  of  the  Breaking  weight.  Thus  the  area 
of  bottom  flange  =  10  square  inches,  the  strain  at  T  =s  2  *  355 
tons  per  square  inch,  and  the  distance  from  N.  A.  =  4  ;  hence 
we  have  10  x  2*355  x  4  =  94-2.  Then,  the  area  of  top 
flange =4*5  square  inches,  the  strain  at  C  =  3  *  5  tons  per  square 
inch,  and  the  leverage  =  6,  giving  4*5  x  3*5  x  6  =  94*5,  or 
practically  the  same  as  the  resistance  to  tension,  which  is  a 
necessity :  in  this  case  the  ratio  of  the  flanges  =  10  -r-  4  *  5 
=  2*22  to  1-0. 

But  we  must  see  to  it,  that  extension  being  to  the  compression 
in  Fig.  207  as  4  to  6,  corresponds  to  2*355,  and  3*5  tons,  the 
respective  strains.  Table  92  shows  that  for  Tensile  strain  of 
2*355  tons,  the  extension  =  *  00042;  then  the  compression 
must  be  -00042  x  6  -r-  4  =  -00063,  which  is  due  to  3-6  tons 
per  square  inch  by  Table  89.  Fig.  208  is  a  "  unit  "  girder 
having  the  same  proportions  as  Fig.  207,  from  which  the 
dimensions  for  any  load  or  span  may  be  found,  as  explained 
in  (185). 

Fig.  209  is  a  Diagram  which  shows  that,  admitting  equal 
flanges  as  the  best  for  |th  of  the  Breakiug  weight,  and  6  to  1 
for  the  Breaking  weight,  we  have  2 * 08  to  1  -0  for  ^rd,  which  is 
the  ordinary  working  load,  and  agrees  moderately  with  2  *  22  as 
found  by  analysis:  808  to  I'O  for  i;  and  4*08  to  1*0  for 
f  of  the  Breaking  weight.  It  is  probable  from  (617)  that 
these  ratios  of  strains  apply  principally  to  the  bottom  flange : 
in  Fig.  207  the  Factor  is  7-142  -^  2*355  =  3  for  the  Tensile, 
and  43  -T-  3  -  5  =  12  *  3  for  the  Crushing  Strain.  ISee  (354)  and 
the  Diagram,  Fig.  81,  &c. 

(619.)  The  actual  and  comparative  lengthening  and  shorten- 
ing of  cast  iron  under  different  tensile  and  crushing  strains 
may  be  shown  distinctly  by  calculating  the  lengths  of  bars  that 
would  be  altered  in  length  1  inch  by  different  strains.  Table  93 
gives  that  length  for  cast  and  wrought  iron. 

(620.)  « Extension  of    Wrought  Iron.'*  —  The  elasticity  of 
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wrought  iron  is  very  nearly  perfect  with  moderate  strains,  say 
np  to  8  tons  per  square  inch,  dififering  entirely  in  this  respect 
from  cast  iron,  as  we  have  seen  (604).  Mr.  Hodgkinson  made 
experiments  on  two  bars  50  feet  long  of  the  respective  diameters 
of  j^  and  I  inch,  the  results  of  which  reduced  to  parts  of  the 
length  are  given  by  cols.  8,  8  in  Tables  94,  95.  For  the 
weights  in  even  tons,  coIr.  1,  1,  the  extensions  were  obtained 
by  interpolating  between  the  next  greater  and  lesser  experi- 
mental numbers  as  given  by  cols.  8,  8,  without  correction, 
that  is  to  say,  without  attempting  to  equalize  or  eliminate  the 
unavoidable  errors  and  anomalies  of  experiment;  the  mean 
result  of  the  two  experiments  is  given  by  coL  5  of  Table  91. 
It  will  be  observed  that  the  Modulus  of  Elasticity,  cols.  4,  4 
in  Tables  94,  95,  with  which  perfect  elasticity  would  have  been 
the  same  throughout,  is  practically  uniform  up  to  about  8  tons 
with  the  |-inch  bar,  and  about  9  tons  with  the  j^inch  bar,  the 
departures  from  uniformity  being  no  doubt  due  to  errors  of 
observation.  Defect  of  elasticity  would  have  been  manifested 
by  a  regularly  progressive  reduction  of  the  Modulus ;  if  there 
were  such  a  reduction  it  must  have  been  exceedingly  small,  and 
being  obscured  by  errors  of  observation,  it  does  not  appear  in 
the  experiments. 

(621.)  "  Effect  of  Time,** — One  very  instructive  and  important 
point  brought  out  very  clearly  by  these  two  experiments  is  that 
with  heavy  loads  the  extension  is  not  governed  by  the  strain 
alone,  but  becomes  also  a  question  of  time.  The  falling  off  in 
the  Modulus  with  strains  greater  than  8  or  9  tons,  seems  to 
show  that  the  bars  were  overloaded,  and  in  all  probability 
observations  to  that  end  would  then  have  begun  to  show  the 
effect  of  time,  but  such  observations  were  not  made  until  the 
|-inch  bar  was  loaded  with  about  18  tons,  and  the  ^inch  bar 
with  14*8  tons  per  square  inch,  and  then,  even  five  minutes  of 
time  had  a  great  effect  on  the  result. 

The  Table  alone  gives  a  very  imperfect  idea  of  the  relative 
effects  of  the  gradually  increasing  strains  on  the  extensions, 
and  of  the  influence  of  time  on  the  results;  the  Diagram, 
Fig.  215,  shows  both  graphically.  A  careful  comparison  of  the 
results  of  the  two  experiments  in  Tables  94,  95,  will  show  a 
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Table  94. — Of  the  Extension  and  Permanent  *'  Skt  "  of  a  Bab  of 

Wrouuht  Iron  j  inch  Diameter. 


Tensile  Strain  per 
Square  Inch. 

Ejit^nsfon 

in  PkitM  of  the 

Length. 

Modulus 
of  Kl  iBil -ity  Ec 

In  Lbs. 
per  Square  Inch. 

Permanent 
••Set*  In  Parts 
of  the  Length. 

Ratio  of 

Set  to 

EIxtensioQ 

per  Cent. 

Ton*. 

Lba. 

•• 

1,262 

•00001333 

29,125,?00 

•  • 

• . 

1 

2,240 

•00008402 

26,660,000 

•  • 

*  • 

•  • 

2,524 

•00009583 

26,328,000 

. . 

. . 

•  • 

8,786 

•00014083 

26,885,000 

•00000417 

3-4 

2 

4,480 

•00016G06 

26,371,000 

•  • 

•  • 

•  • 

5,047 

•00018667 

27,000,000 

♦00000500 

2-6 

•  • 

6,H09 

•00023100 

27,311,000 

•00000417 

18 

3 

6,7-20 

•0002 tSGO 

27,:J61,0iK) 

•  • 

•  • 

•  • 

7,571 

•00027483 

27,539,000 

•00000375 

1-4 

•  • 

8,833 

•001)31583 

27,967,000 

•00000417 

1-3 

4 

8,960 

•000.?2011 

27,990,000 

•  • 

•  • 

•  • 

10,095 

•00035833 

28,172,000 

•00000117 

11 

5 

11,200 

•00(»39786 

28,150,000 

•00000489 

•  • 

•  • 

11,357 

•00040450 

28,083,000 

•  • 

•  • 

•  ■ 

12,618 

•00044750 

28,196,000 

•00000583 

13 

6 

13,440 

•00047898 

28,060,000 

•00000664 

.  • 

•  • 

13,880 

•00049583 

27,993,000 

•  • 

•• 

•  • 

15,142 

•00054000 

28,041,000 

•  • 

•• 

7 

15,680 

•00055776 

28,112,000 

•00000882 

»• 

•• 

16,401 

•00058166 

28,220,000 

.  ♦ 

• . 

•• 

17,666 

•00062750 

28,153,000 

•0000109 

1-7 

8 

17,920 

•00063823 

28,078,000 

•0000120 

.  • 

•  • 

18,928 

•00068083 

27,801,000 

•  • 

•• 

9 

20,160 

•00072720 

27,723,0iK) 

•0000225 

• . 

«• 

20,190 

•00072833 

27,721.000 

•0000225 

3  1 

•  • 

21,451 

•00077583 

27,649,000 

•  • 

. . 

10 

22,400 

•00081405 

27„M7,000 

•0000327 

•  • 

•  • 

22,713 

•00082666 

27,475,000 

•0000342 

41 

•  • 

23,975 

•00088083 

27,186,000 

a  • 

•  • 

11 

24,640 

00091070 

27,056,000 

•0000516 

•  • 

•  • 

25,237 

•00093750 

26,919,000 

0000567 

61 

•  • 

26,499 

•00103330 

25,645,000 

•  • 

•  • 

12 

26,880 

•00104538 

25,713,000 

•0000848 

•  • 

•  • 

27,761 

•00107333 

25,864,000 

•0001000 

9-3 

•  • 

29,022 

•00120830 

24,011,000 

.  • 

•  • 

13 

29,120 

•00124333 

23,421,000 

•0003760 

•  • 

13-52 

30,284 

•00165920 

18,252,000 

•• 

36-5* 

increa^  per  c  nt. 

AA 

Do. 

•00167250 

5  min.   0  02 

.  • 

•• 

Do. 

•00168167 

10    do.    1H5 

•000613 

•• 

WW 
ft 

Da 

•00171167 

15    do.    31 

•000646 

.. 

(1) 

(2) 

(3) 

(*) 

(5) 

(•) 
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Table  04. — Of  the  Extension  and  Permanent  "  Set  *'  of  a  Bab  of 
Wrought  Iron  t  inch  Diameter — continued* 


Ter.Plle  Strain  per 
Sauare  Inch. 

Extenskm 

Effect  of  Time 

permanent 

Ratio  of 

Sf4to 

Extension 

perOnt 

^•"^ 

Id  Parts  of  the 
Length. 

on  the  Extpnakm 
percent. 

"Set"  in  Parti 
of  the  Length. 

Tons. 

Lbs. 

13  52 

30,284 

-00173333 

20  min.  4-5 

•000664 

•  • 

»» 

Do. 

•00174667 

1  hour  5-3 

•000678 

•• 

»» 

Do. 

•00197167 

17   do.  19-0 

•000902 

•  ■ 

1408. 

31,546 

•00201G70 

5  min. 

•000903 

44'8 

14-65 

32,808 

•00459(50 

0  0 

•003450 

75^2 

n 

Do. 

* 0058533 

5  do.  27-5 

• . 

•• 

n 

Do. 

•0066383 

10  do.  44  5 

•005460 

•• 

»» 

Do. 

•00H4500 

15  do.  83-7 

•007220 

•  •     . 

15-21 

34,070 

•0112170 

1   do.     0-0 

•  • 

900 

»» 

Do. 

•0116667 

2  do.    0  04 

•0120 

•  • 

tv 

Do. 

•0148833 

1  honr32-0 

•0136 

•  • 

15-77 

35,332 

•0170000 

5  min.   0-0 

•0156 

92-0 

)« 

Do. 

•0181667 

10  do.    6-9 

'0168 

•• 

16-34 

36,594 

•0212000 

6  do. 

•  • 

•• 

16-90 

37,856 

•0241000 

••               •• 

•* 

•• 

(1) 

(2) 

(3) 

(4) 

W 

(•) 

Table  05. — Of  the  Extension  and  Permanent  "  Set**  of  a  Bar  of 

Wrought  Iron  i  inch  Diameter. 


Tendle  Strain  per 
Square  Inch. 

Extension 

in  Parts  of  the 

Length. 

Modulus 
of  Elasticity  El, 

in  Lbs. 
per  Square  Inch. 

Permanent 
"Set"  in  Parts 
of  the  Length. 

Ratio  of 

Set  to 

Extension 

percent 

Tom. 

Lbs. 

1 

•  • 
2 

•  • 

3 

•  • 
4 

•  • 

5 

•  • 

6 
7 

•  • 
8 

•  • 

0) 

2,240 
2,667 
4,480 
6,335 
6,720 

8,003 

8,960 

10,670 

11,200 

13,338 

13,440 
15,680 
16,0(»5 
17,920 
18,672 

(2) 

•000076223 
•000082167 
•000152447 
•000185583 
•000236673 

•000283917 
•000318297 
•000379670 
•000308690 
•000475417 

•000479078 
•000559497 
-000571167 
•000' -.39317 
•000666083 
(3) 

29,387,000 
32,458,000 
29,387,000 
28,747,000 
28,365,000 

28,184,000 
28,150,005 
28,103,000 
28,092,000 
28,055,000 

28,053,000 
28,025,000 
28,022,000 
28,030,000 
28,034,000 

•00000254 
•00000285 
•00000839 
•00000356 
•00000424 

•00000427 
'00000499 
•00000508 
•00000631 
•00000678 

(5) 

•• 

•  • 

•• 

•  » 

0-89 

0'89 

•  • 

0-89 
1-6 
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Tablb  95. — Of  the  Extension  and  Psbmanbnt  '*  Sbt  "  of  a  Bab  of 
Wbodoht  I  BON  i  inch  Diameter — continued. 


TtDffllA  Strain  per 
Sqtureinch. 

Rztentl<m 

in  Parts  of  the 

LeDgth. 

Modnlot 
of  Elasticity  E«, 

biLlM. 
per  Square  inch. 

IVi'UMnent 
-Set-inParu 
of  the  lieiigtb. 

Ratio  of 
Set  to 

TODB. 

Lbe. 

rjcw^nnoo 
percent. 

9 

20,160 

000721853 

27,928,000 

00001010 

•  • 

•  • 

21,340 

•000766083 

27,856,000 

•0(MK)127 

1-6 

10 

22,400 

•000808863 

27,693,000 

-0000208 

•  • 

« • 

24,0i»8 

•00087375 

27,477,000 

-0000330 

3-8 

11 

24,6^ 

•00090699 

27,167,000 

•0000455 

•  • 

•  • 

26,675 

-00101358 

26,318,000 

•0000830 

8-2 

12 

26,880 

•00103297 

26,022,000 

-0000968 

•  • 

.18 

29,120 

•00124588 

23,373,000 

•000247 

•  • 

29,343 

-00128817 

22,779,000 

•000263 

200* 

14 

81,360 

•00200000 

15,680,000 

-000919 

•  • 

14*29 

82,011 

•00222867 

14,363,000 

•001130 

480 

Increase  per  cent. 

•  • 

Do. 

•00235592 

5miD.     60 

•• 

•  • 

15*48 

84,678 

•0(^21)00 

•  • 

-00307 

71^4 

16-16 

37,346 

•0091625 

•  ■ 

•00^47 

92  0 

17-86 

40,013 

-0102667 

5  min.     0-0 

-00911 

. . 

ft 

Do. 

•0117583 

1  hour  14-5 

•  • 

.  • 

99 

Do. 

-0118667 

2   da    15-5 

•• 

. . 

99 

Do. 

•0119417 

8   da    16-8 

•• 

. . 

99 

Do. 

-0119500 

4   da    16-4 

•• 

•• 

n 

Do. 

•0119667 

5   do.    16  6 

•• 

*• 

99 

Do. 

•0119750 

6   da    16-7 

•• 

•* 

99 

Do. 

•0120250 

7   da    171 

•• 

a. 

99 

Do. 

Da 

8    da    17-1 

.. 

•  . 

99 

Do. 

Do. 

9   da    171 

.. 

.. 

99 

Do. 

Do. 

10   do.    17-1 

•  • 

.  . 

19-05 

42,681 

•0179000 

5  min.     0-0 

•01650 

92 

ff 

Do. 

•0194917 

10  da      9-0 

. . 

• . 

99 

Do. 

•0198588 

46  hours  10-9 

•01864 

. . 

20*24 

45,348 

-0215000 

6  min.     0-0 

-01980 

92 

19 

Da 

-0217083 

1  lionr     1-0 

•  • 

.  • 

f* 

Do. 

Do. 

2  da       1-0 

•  • 

. . 

91 

Do. 

Do. 

19  do.      1-0 

-02000 

•  • 

21-43 

48,016 

•0247917 

5  min.     0-0 

•02280 

92 

fj 

Do. 

-0251583 

1  hour     1-4 

•  • 

• . 

ft 

Da 

•0252417 

11  da      1-8 

•  • 

.  • 

22-63 

50,683 

-0349583 

10  min.     00 

•0329 

94 

ff 

Do. 

•0352250 

7  hours   0  08 

•• 

•  • 

ft 

Vo. 

Do. 

12  da       008 

. . 

•  • 

0) 

W 

(3) 

(*) 

Ci) 

(♦) 
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tolerably  doee  agreement  in  the  extensions  op  to  18  tons  per 
square  inch,  bat  beyond  that  point  the  j-inch  bar  yields  more 
both  to  time  and  extra  strain  than  the  ^inch  one;  it  will 
therefore  be  expedient  to  consider  them  separately. 

(622.)  With  the  ^inch  bar,  the  most  remarkable  fact  is,  that 
the  effect  of  time  with  each  load  is  at  first  very  groat,  bnt  con- 
tinnally  decreases  until  it  becomes  nil,  time  haying  no  further 
effect.  Thus  with  40,018  lbs.,  or  17*86  tons,  per  square  inch, 
the  first  hour  produces  by  coL  4  an  increase  of  14  *  5  per  cent., 
but  the  next  hour  only  1  per  cent. ;  the  next  only  0*8; 
the  next  0*1  per  cent,  &c.,  until  the  7th  hour,  after  which, 
time  ceases  to  have  any  effect.  Similarly,  with  42,681  lbs.,  or 
19*05  tons,  the  effect  of  10  —  6  =  5  minutes,  is  to  increase 
the  extension  9  per  cent,  and  then  46  hours  gives  a  farther 
increase  of  only  10  *  9  -  9  =  1  *  9  per  cent.  With  46,848  lbs.,  or 
20*24  tons,  1  hour  gave  an  increase  of  1  per  cent,  2  and  19 
hours  having  no  further  effect  Finally,  with  so  great  a  strain 
as  50,688  lbs.,  or  22  *  68  tons,  per  square  inch,  7  hours  gave  only 
the  small  increase  of  0*08  per  cent,  12  hours  having  no  farther 
effect  on  the  extension. 

(628.)  The  j-inch  bar  seems  to  have  been  a  softer  and  more 
ductile  iron  than  the  other ;  the  effect  of  time  on  the  extension 
was  much  greater  and  much  more  persistent ;  although  the  first 
increment  was  the  most  influential,  the  effect  was  reduced  less 
rapidly,  as  shown  by  coL  4.  Thus,  with  a  strain  of  80,284  lbs., 
or  18  *  52  tons,  per  square  inch,  the  extension  increases  regularly 
(although  after  1  hour  at  a  diminishing  rate)  up  to  17  hours, 
when  it  became  19  per  cent.  With  82,808  lbs.,  or  14*65  tons, 
per  square  inch,  which  is  not  a  very  heavy  strain,  the  effect  of 
time  was  enormous,  5,  10,  and  15  minutes  giving  an  increase  on 
the  extension  of  27*5,  44*5,  and  88*7  per  cent,  respectively; 
at  this  last  late  the  extension  of  the  bar  would  in  18  minutes 
have  been  double  that  produced  inmiediately  by  14*65  tons  on 
this  particukr  bar.  With  84,070  lbs.,  or  15*  21  tons,  2  -  1  = 
1  minute,  gave  '04,  and  1  hour  =  82  per  cent  increase. 
Finally,  with  85,332  lbs.,  or  15*77  tons,  10  -  5  =:  6  minutes, 
gave  6  *  9  per  cent,  increase,  &c.  The  combined  results  or*  both 
sets  of  experiments  are  given  by  Table  96* 
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(624.)  The  general  oonclnsion  from  these  experiments  is, 
that  for  permanent  structures  the  maximum  working  load  on 
rolled  hars  of  wrought  iron  should  not  exceed  8  tons  per  square 
inch,  which  is  nearly  one-third  of  the  mean  ultimate  coheeive 
strength  of  British  iron,  namely,  25  *  7  tons  per  square  inch,  as 
shown  by  Table  1.  Within  the  limit  of  8  or  9  tons,  the  exten- 
sions are  practically  simply  proportional  to  the  strains,  and  may 
be  taken  approximately  at  *  00008  of  the  length  per  ton*  Witii 
heavier  strains,  the  extensions  increase  more  rapidly  than  th« 
load,  and  with  all  such  strains  are  still  further  extended  by  time 
to  an  extent  varying  considerably  with  the  ductility  of  th« 
particular  specimen  of  iron* 

(625.)  Another  important  practical  lesson  may  be  drawn  firom 
this  investigation,  namely,  HhAitohere  the  length  iifixed,  whatever 
initial  strain  may  be  put  on  wrought  iron,  the  permanent  strain 
after  a  certain  time  will  not  exceed  8  or  9  tons  per  square  inch. 
For  instance,  say  that  a  wrought-iron  hoop  or  wheel  tire  is 
shrunk  hot  on  a  cast-iron  wheel,  Ac,  as  in  Fig.  25  and  (90),  so 
that  when  cold  it  shrinks  to  such  an  extent  as  to  yield  at  first 
say  20  tons  per  square  inch ;  but  that  strain  would  not  be  per- 
manent ;  the  bar  would  immediately  begin  to  stretch,  and  by  so 
doing  relieve  the  pressure  upon  it,  at  first  very  rapidly,  after- 
wards, as  the  strain  was  reduced,  more  and  more  slowly,  until 
after  a  long  period  it  became  8  or  9  tons  only,  although  the 
extent  to  which  it  was  originally  stretched  was  that  due  to 
20  tons,  and  that  strain  was  really  obtained  for  a  few 
■ec4mds  (90). 

(626.)  "  Campesiion  of  Wrought  Iron.** — Experiments  were 
made  by  Mr.  Hodgkinson  on  two  bars  of  wrought  iron,  each 
about  1  inch 'square  and  10  feet  long: — they  were  enclosed  in  a 
frame  to  prevent  lateral  flexure,  in  the  same  way  as  with  the 
cast-iron  bars  in  (607).  The  results  are  given  in  Table  97, 
but  the  experimental  strains  on  the  bars  (which  were  rather 
more  than  one  inch  square)  are  reduced  to  equivalent  strains  per 
square  inch,  and  the  observed  compressions  are  reduced  to  parts 
of  the  length  of  the  bar. 

The  compressions  for  even  tons  were  obtoined  by  interpo- 
lating between  the  greater  and  lesser  experimental  numbers. 
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Tbe  mean  oompression  of  the  two  bars  iM  giyen  by  Table  98, 
and  in  ools.  4, 5,  reduced  results  are  given,  which  may  be  taken 
as  snffieienily  correct  for  ordinary  pnrposes. 

(627.)  « Effect  of  Time"— The  effect  of  time  in  increasing 
the  amount  of  compression  was  obserred  with  one  of  the  bars 
only,  and  that  not  before  a  strain  of  80,858  lbs.,  or  13*77  tons, 
was  applied :  the  influence  of  time  was  then  found  to  be  very 
great,  the  compression  being  increased  '002175 -r  '00158833 
=  1*87,  or  87  per  cent,  in  ^  an  hour ;  48  per  cent,  in  |  hour ; 
and  78  per  cent,  in  1^  hour.  In  all  probability,  time  would 
have  been  found  influential  with  compressive  strains  of  8  or  10 
tons  per  inch  if  observations  had  been  made,  and  we  may  infer 
that  for  permanent  structures  the  maximum  working  compressive 
strain  should  not  exceed  8  tons  per  square  inch,  beiog  the  same 
as  we  foxmd  for  the  Tensile  strain  (625). 

(628.)  **Oomparatwe  Exiendon  and  Gompresaion  of  Wrought 
Iron,^* — ^We  found  (616)  that  with  small  strains,  when  defbct  of 
elasticity  was  uninfluential,  cast  iron  yielded  more  to  compres- 
sive than  to  equivalent  tensile  strains.  A  similar  comparison  of 
the  elasticity  of  wrought  iron  leads  yet  more  clearly  to  the  same 
result,  as  shown  by  Table  91 ;  the  elasticity  of  wrought  iron  is 
so  nearly  perfect  that  the  ratio  is  nearly  the  same  with  all 
strains  up  to  10  or  11  tons,  the  mean  ratio  in  col.  7  from  1  to  11 
tonsisl'286. 

The  length  of  rods  and  pillars  of  wrought  iron  that  would 
be  shortened  1  inch  by  different  tensile  and  compressive 
strains  is  given  by  Table  98,  and  will  suffice  to  give  a  general 
idea  where  it  is  desired  to  avoid  the  trouble  of  exact 
calculation. 

(629.)  *'  Comparative  Extension  of  Cast  and  Wrought  Iron."— 
These  two  important  materials  are  frequently  combined  in 
structures,  and  the  differences  in  their  elasticity  cause  unequal 
strains  under  circumstances  where  perfect  equadity  might  have 
been  expected. 

We  will  first  consider  the  relative  extensions  of  cast  and 
wrought  iron  xmder  the  same  tensile  strain  : — ^here  the  maximum 
strain  must  of  course  be  limited  by  the  strength  of  the  weaker 
material  of  the  two,  namely,  cast  iron,  which  may  be  taken  at 
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Tablie  07. — Of  the  Compbessiok  of  Wrought  Irok  by  Crt78Hik4 
Strains  :  from  Direct  Experiments  on  two  Bars  1  Inch  Square. 


CompreMi 

ve  strain  per 

Modiilns  of 

Square  Inch. 

Shortening  in  Pftrts 

EloBticity  E^ 

01  tbe  Lengta. 

in  LtM.  per 

Tons. 

Lbe. 

Square  Inch. 

1 

2,240 

•00010463 

21,409,000 

2 

4,480 

•00020927 

21,409,000 

4,852 

•00023333 

.  20,795,000 

. 

8 

6,720 

•00032112 

20,926,000 

4 

8,960 

•00042641 

21,013,000 

9,116 

•000t3333 

21,037,000 

9 

11,200 

•00051967 

21,552,000 

13,380 

•00061000 

21,934,000 

e 

13,440 

•00061277 

21,934,000 

15,513 

•00070838 

21,898,000 

7 

15,680 

•00071551 

21,914,000 

17,645 

•00080000 

22,062,000 

8 

17,920 

•00081182 

22,074,000 

19,777 

♦00089167 

22,183,000 

9 

20,160 

•00090981 

22,158,000 

21,909 

•00099267 

22,071,000 

10 

22,400 

•00101445 

22,081,000 

24,049 

•00108333 

(22,191,000) 

11 

24,640 

^00111115 

22,168,000 

26,173 

•00118333 

22,115,000 

10 

26,880 

•00122117 

22,012,000 

28,305 

•00128a33 

22,056,000 

13 

29,120 

•00134608 

21,619,000 

30,439 

•00145000 

20,993,000 

H 

31,360 

•00159414 

19,666,000 

82,569 

•00178383 

18,263,000 
(0 

(I) 

(2) 

(3) 

Ssoomo  Bar. 


1 

2.240 

•00009814 

22,824,000 

2 

4,480 

•00019629 

22,824,000 

4,919 

•00022500 

21,886,000 

8 

6,720 

•00029444 

22,823,000 

4 

8,960 

•00038082 

23,528,000 

9,242 

•00039167 

28,596,000 

5 

11,200 

•00046714 

23,975,000 

6 

13,440 

•00055352 

24,281,000 

18,565 

•000558:  )3 

(24,295,000) 

W 

W 

(«) 

W 
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Tablk  07.— Of  the  Gompbbssion  of  Wbouoht  Tbon  by  CBU8Hii«a 

Stbains — continued. 

^ ■ 

•^■^■^^ 

Ooi&prG8Biv6  Strain  pv 
Square  Indi. 

Sbortening  in  Parts 
of  theLengtb. 

Modalns  of 
ElasUdty  E|g 

in  Lbs.  per 
Square  Inch. 

i 

ToDi* 

Lbt. 

7 
8 
9 

15,680 
17,888 
17,920 
20,050 
20,160 
22,211 

•00064843 
•00074266 
•00074400 
•00083333 
•00083884 
•00094167 

24,181,000 
24,089,000 
24,086,000 
24,060,000 
24,033,000 
23,586,000 

10 
11 
12 

22,400 
24,372 
24,640 
26,534 
•    26,880 
28,696 

•00095261 
•00106667 
•00108216 
•00119167 
•00121834 
» 00135834 

23,514,000 
22,850,000 
22,769,000 
22,265,000 
22,063,000 
21,126,000 

13 

28,130 

30,858 

In  i  hour 

*»   f    >» 

•00140340 
•00158333 
•00217500 
•00235000 
•00273334 

20,756,000 
19,490,000 

■  • 
•• 

•• 

0) 

(2) 

(3) 

W 

7  tons  per  square  inch.  In  Table  99  the  cols.  2  and  8  have 
been  taken  from  cols.  4,  4,  of  Tables  88,  96,  and  col.  4  gives  the 
ratio  which  increases  regnlarly  throughout,  this  fact  being  due 
to  defect  of  elasticity  in  the  cast  iron  as  opposed  to  the  almost 
perfect  elasticity  of  wrought  iron,  the  ratio  rising  from  2  •  066 
with  1  ton  to  8  •008  with  7  tons  per  square  inch.  Thus,  even 
with  so  low  a  strain  as  1  ton,  the  extension  of  cast  iron  is  more 
than  double  that  of  wrought  iron. 

(680.)  But  this  statement  does  not  give  a  dear  idea  of  the 
effect  of  the  unequal  resistance  to  the  same  extension  which 
happens  in  those  numerous  cases  where  the  two  materials  are  so 
combined  that  a  given  load  must  of  necessity  stretch  them  both 
to  the  same  extent  Thus,  in  Fig.  123,  let  A  be  a  rod  of  cast 
iron  one  square  inch  in  area,  and  B  a  similar  one  of  wrought 
iron  stretched  simultaneously  and  of  necessity  to  the  same 
extent  by  the  weight  W.  Now,  with  say  4  tons  per  square  inch 
on  A  the  extension  by  col.  4  of  Table  88  would  be  *  00077282, 


342 


BLA8TI0ITT:   WBOUOHT   AND  OAST  IBOK. 


Table  98.— Of  the  Mean  Compbbssion  of  Wbought  Ibon  by 
Grubhtng  Strains  :  from  Direct  Experiment. 


CompremiTA 
Strain  in 
Tuns  per 

Square  Inoh. 

Mean  OompreaaioD 

In  Parts  of  the 

Length. 

Modnlna  of 
Elasticity^ 

In  Lbs.  per  Square 
Inch. 

Bednced  KesuRa. 

Gompi^MSkm 
In  Parts  of 
the  Length. 

Modnlns  of 
ElasticHyl^ 
in  Lbs.  per  Sqoare 
.  Inch. 

1 

2 
8 

4 
5 

6 

7 

8 

9 

10 

-     11 
12 
13 
14 

(1) 

•00010138 
•00020278 
•00030778 
•00040362 
•00049340 

•00058314 
•00068197 
•00077791 
•00087432 
•00098353 

•00109665 
•00121975 
•00137519 
'00159414 

(3) 

22,095,000 
22,093,000 
21,834,000 
22,199,000 
22,700,000 

23,047,000 
23,000,000 
23,036,000 
23,059,000 
22,775,000 

22,468,000 
22,037,000 
21,174,000 
19,666,000 

(3) 

•0001 
•0002 
•0003 
•0004 
•0005 

•0006 
•0007 
•0008 
•0009 
•0010 

•0011 
•00122 
•00138 
•00164 

(0 

22,400,000 
22,400,000 
22,400,000 
22,400,000 
22,400,000 

22,400,000 
22,400,000 
22,400,000 
22,400,000 
22,400,000 

22,400,000 
22,033,000 
21,102,000 
19,122,000 

Table  09.— Of  the  (Comparative  Extension  of  Cast  and  Wrought 

Ibon  UDder  the  same  Tensile  Strains. 


Tons  per 

Square 

Inch. 


1 

2 
8 

4 

5 
6 

7 
0) 


Extension  In  Parts  of  the  Length. 


Cast  Iron. 


•00016556 

•00034865 

00054894 

00077282 

•00102371 

•00134480 

00167840 

(2) 


Wrought  Iron, 
w. 


•000080121 
•000159253 
•000241136 
•000319204 

•000398725 

•000479029 

•000558628 

(3) 


Ratio, 
e 


2 
2 
2 
2 

2 

2" 
8 


066 
189 
276 
421 

•567 
•807 
•008 

(O 


and  aa  B  must  also  be  istiretohed  to  that  same  extent,  the 
qnestion  is,  What  will  be  the  tensile  strain  due  to  that  extension 
with  wrought  iron  ?    By  coL  4  of  Table  96,  the  strain  is  soma- 
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wliero  between  9  and  10  tons  per  square  incli,  and  hj  interpola- 
tion we  shall  find  tbe  exact  strain  to  be  9*555  tons;  the  weight 
W  in  Fig.  123  is  therefore  4  +  9*555  =  13-555  tons.  Instead, 
therefOTe,  of  the  two  bars  A  and  B  dividing  the  load  equally 
between  themsolyes,  we  find  that  it  is  very  unequally  divided : 
Table  100  has  been  calculated  in  this  way ;  col.  4  shows  that 
the  ratio  of  the  strains  is  variable,  attaining  a  maiiinnin  with 
4  tons  per  square  inch  on  the  cast  iron  bar. 

Table    100. — Of    the    Compabative    Besistance   of   Cast    and 
Wrought  Ibon  to  the  same  amount  of  Extension  by  Tensile 

Strains. 


EzteBeloD  in 

Parts  uf  tbe 

Length. 

Tons  per  Sqoare  loch. 

Rstio. 

Cast  Iron.    Wrought  Iron, 
c                  w. 

w 
c 

•00016556 
•00034865 
-00054894 
-00077282 

•00102371 
•00134480 
•00167840 

(1) 

1 
2 
8 

4 

5 
6 

7 

(2) 

2  077 
4-370 
6-878 
9-555 

11-881 
13  132 
13-564 

(3) 

2-077 

2-185 

2-293 

(2-389) 

2-376 
2-189 
1-938 

(0 

(681.)  We  found  in  (617)  that  the  working  safe  tensile  strain 
on  cast  iron  was  about  2^  tons,  with  which  the  extension  was 
•000413;  now  with  that  extension  the  resistance  of  wrought 
iron  would,  by  coL  5  of  Table  91,  be  somewhere  between  5  and 
6  tons  per  square  inch,  and  by  interpolation  we  find  the  exact 
strain  to  be  5*81  tons,  from  which  we  find  the  weight  W 
=  2  83 +  6-81  =  7-64  tons. 

(632.)  We  haye  so  far  supposed  that  the  bars  A,  B,  were  of 
the  same  area  for  the  sake  of  illustration ;  obviously  the  areas 
might  be  adjusted  so  that  the  weight  borne  by  the  two  bars 
would  be  equalized,  but  the  strains  per  square  inch  could  not  be 
altered  without  a  violation  of  correct  principles.  Thus,  if  the 
cross-sectional  area  of  A  were  1  square  inch,  then  by  making 
that  of  B  2*88  -r  5*81  =5  *44  square  inch,  the  weight  borne  by 
B  would  be  the  same  as  that  borne  by  A,  namely,  *44  x  6* 31 
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=  2*83  tons,  and  we  thus  obtain  W  ss  4*66  tons,  the  strain 
per  square  inch  on  the  wronght-iron  bar  being  still 
5*31  tons. 

(633.)  It  will  be  evident  from  this  that  with  any  ordinary 
combination  of  cast  and  wrought  iron  the  fall  value  of  the 
working  strength  of  the  latter,  namely,  8  tons,  cannot  be 
realised ;  for  this  and  other  reasons  such  combinations  are  not 
expedient,  at  least  in  cases  where  considerable  strains  have  to 
be  borne.  With  8  tons  per  square  inch  on  the  wrought  iron  the 
extension  by  coL  4  of  Table  96  would  be  -000638774,  and  with 
that  extension  the  strain  on  the  cast  iron  by  coL  4  of  Table  88 
would  be  nearly  8^  tons,  or  about  half  tibe  breaking  weight, 
which  would  not  be  safe. 

(634.)  ^^Comparative  Compression  of  Cast  and  Wrought  Iron.'* — 
The  relative  ultimate  cohesive  strength  of  cast  and  wrought  iron 
being  7  *  142  and  25  *  7  tons  per  square  inch,  we  found  in  (629) 
that  the  strength  of  a  combination  of  the  two  metals  in  resisting 
a  tensUe  strain  was  governed  potentially  by  that  of  the  weak 
east  iron.  But  in  resisting  compressive  strains  this  order  is 
reversed,  the  ultimate  strength  of  cast  iron  being  43  tons  per 
square  inch,  while  that  of  wrought  iron  does  not  practically 
exceed  13  or  14  tons  (627)  for  even  a  temporary  load,  the  metal 
yielding  so  much  that  it  becomes  valueless :  for  permanent  loads 
the  strain  should  not  exceed  8  or  9  tons,  as  we  have  seen  (624), 
while  that  for  cast  iron  may  be  as  much  as  14  tons  (618). 
Table  101  gives  the  compressions  of  cast  and  wrought  iron 
under  the  same  crushing  strains. 

(635.)  In  Fig.  124  let  C  be  a  cast-iron  and  D  a  wrought- 
iron  pillar  one  square  inch  in  area,  so  close  to  one  another,  &c., 
that  they  must  of  necessity  be  shortened  equally  by  the  weight 
W,  and  let  the  strain  on  C  be  5  tons  per  square  inch,  with 
which  by  col.  4  of  Table  89,  the  compression  of  the  cast  iron 
will  be  *  000899 :'  with  that  compression  the  resistance  of 
wrought  iron  by  col.  2  of  Table  98  would  be  between  9  and 
10  tons  per  square  inch;  by  interpolation  we  find  the  exact 
strain  to  be  9*226  tons  per  square  inch,  the  weight  W  will 
therefore  be  5  +  9*226  =  14*226  tons.  Calculating  in  this 
way  we  obtain  Table  102.     Beyond  14  tons  in  coL  3,  the 
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Table  101. — Of  the  Compression  of  Cast  and  Wrought  Tbon 

under  the  same  Crushing  Strains. 


GompreMion  In  Parts  of  the 

Tons  per 
Square 

Length. 

BsHo. 

0 

inch. 

Out  Iron. 
c 

Wrongbt  Iroo. 
to. 

w 

1 

•0001695 

•00010138 

1-672 

2 

•0003505 

•00020278 

1-728 

8 

•0005405 

•00030778 

1-756 

4 

•0007124 

•00040362 

1-765 

5 

•0008990 

•00049340 

1-822 

6 

•0010876 

•00058314 

1-865 

7 

•0012804 

•0001)8197 

1-878 

8 

•0014841 

•0007,791 

1-908 

9 

•0016770 

•00087432 

(1-918) 

10 

•0018722 

•00098353 

1-903 

11 

•0020680 

•00109665 

1^886 

12 

•0022812 

•00121975 

1-870 

13 

•0024774 

•00137519 

1-801 

14 

•0027547 

•00159414 

1-721 

(1) 

(3j 

(3) 

(*) 

resistance  of  the  wrought  iron  has  been  taken  aa  oonstant,  which 
is  practically  true  even  with  strains  of  a  yery  temporary 
character  (634),  to  which  alone,  in  faciy  this  part  of  the  table 
strictly  applies.  With  sti-ains  not  exceeding  5  tons  on  the  cast* 
iron  and  9*226  tons  per  square  inch  on  the  wrought- iron  bars, 
the  (Table  may  be  regarded  as  accurate  for  permanent  loads. 

(636.)  It  appears  from  this  investigation  that  in  combinations 
of  cast  and  wrought  iron  under  compressiye  strains,  the  working 
load  on  the  cast  iron  must  not  exceed  5  tons  per  square  inch, 
although  the  ordinary  safe  strain  is  14  tons,  and  the  ultimate, 
or  crushing  strain  43  tons  per  square  inch.  This  shows  clearly 
the  inexpediency  of  such  combinations  in  ordinary  oases  and  for 
heavy  loads. 

(637.)  " Extermon  and  CompresBion  of  Timber,  dc'^ — We  have 
unfortunately  no  direct  experiments  on  the  extension,  <&c.,  of 
most  materials,  and  shall  be  obliged  to  refer  to  experiments  on 
the  transverse  strength  and  stiffness,  and  to  calculate  the  longi* 
tudinal  strains  and  elasticities  from  the  transverse  ones.     There 
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Table    lOd. — Of   the    Comparative    Besistakce    of   Cart    and 
Wbouoht  Ibun  to  the  same  Amount  of  Compbe88ion  by  CnusHiKe 

8TBAIN8. 


Oompreosion  In 
Pftrtaof  the 

Tons  per  Square  Inch. 

RaUo. 
to 

Length. 

GtBtlron. 

Wrought  Iron, 
w. 

"e 

•0001695 

1 

1-672 

1-672 

•0003505 

2 

8-446 

1  723 

•0005405 

3 

5  525 

1-842 

•0007124 

4 

7-317 

1-829 

•0008990 

5 

9-226 

(1-845) 

•0010876 

6 

10-920 

1-820 

•0012804 

7 

12 -SIX) 

1-770 

•0014841 

8 

13-497 

1-687 

•0016770 

9 

14-372 

1-597 

•0018722 

10 

14-4 

1-44 

•0020680 

11 

14-4 

1-81 

•0022812 

12 

14-4 

1-20 

•0024774 

13 

14-4 

1-11 

•0027547 

14 

14-4 

1-03 

(1) 

W 

(3) 

(*) 

is  oonsiderable  nnoertainty  in  this  method,  which  has  also  the 
farther  disadyantage  of  giving  inseparably  the  result  of  the 
compressive  and  tensUe  strains  combined,  so  that  we  cannot 
determine  the  valae  of  either  alone.  It  will,  therefore,  be  well 
to  see  how  fsa  this  method  agrees  with  direct  experiments  on 
such  materials  as  cast  and  wrought  iron,  whose  strength  and 
elasticity  are  known  with  certainty  (600). 

(638.)  We  require  1st  from  a  known  weigiht  in  the  centre  of 
a  rectangular  beam  of  given  dimensions,  to  find  the  maTimum 
longitudinal  strains,  or  those  at  the  upper  and  lower  edges  of 
the  section.  Obviously  the  strain  varies  from  nothing  at  the 
neutral  axis  to  a  maximnm  at  the  upper  and  lower  edges  (494). 
Then  2nd,  from  the  observed  deflection  we  have  to  determine  the 
extension  and  compression  produced  by  those  longitudinal 
strains. 

To  find  the  TUft-rinnini  longitudinal  strains  from  the  transverse 

load,  we  have  the  Eule  (613),  or  /=  ^x^xB^    For  a  bar 
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1  incli  square  and  1  foot,  or  12  inches,  between  sapports,  the 

3  X  W  X  12        86  X  W 
rule  evidently  becomes  /=  ^ =^ — ^ ,  or  — ^j — ,  or  18  X  W, 

from  which  we  haye  the  simple  law  for  a  bar  of  those  sizes,  Ac.^ 
that  the  maximnm  longitudinal  strain  is  18  times  the  transverse 
load :  hence  we  have  the  Bule : — 

(689.)  /  =  W  X  18. 

We  may  now  apply  this  Bule  to  Timber  whose  tensile  and 
crushing  strength  is  known  by  direct  experiment:  for  the 
former  we  shall  take  Mr.  Barlow's  results  in  Table  1,  and  for 
the  latter,  Mr.  Hodgkinson's  in  Table  82:  the  Transverse 
strengths  will  be  given  by  Table  65. 

(640.)  A  bar  of  ash  1  inch  square  and  1  foot  long,  breaks 
with  a  load  of  681  lbs.  in  the  centre,  the  maximum  longitudinal 
strain/  =  681  x  18  =  12258  lbs.  per  square  inch ;  by  direct 
experiments,  the  tensile  strength  T  ==  17077  lbs.;  and  the 
crushing  strengtii  C  =  9028  lbs.  per  square  inch :  the  mean  of 
the  two  is  18,050  lbs.,  or  nearly  as  given  by  the  Bule* 

English  oak  breaks  transversely  with  509  lbs. ;  hence  /  = 
509  X  18  =  9162  lbs.  per  square  inch :  by  direct  experiments 
T  =  10889  lbs.,  and  C  =  8271  lbs.  per  square  inch;  the  mean 
of  the  two  =  9880  lbs. 

Beech  breaks  transversely  with  558  lbs. :  hence  /=  558  x  18 
sz  10044  lbs.  per  square  inch ;  by  direct  experiments  T  = 
11467  lbs.,  and  0  s  8548  lbs. ;  the  mean  being  10,007  lbs.  per 
square  inch. 

Teak  breaks  transversely  with  724  lbs.:  hence /s  724  x  18 
s  13082  lbs.  per  square  inch ;  by  direct  experiments  T  =  15090 
and  0  =  10706,  the  mean  being  12,898  lbs.  per  square  inch,  &c. 

The  application  of  the  rule  to  cast  and  wrought  iron  is  given 
in  (520). 

(641.)  Having  foxmd  the  value  of  /,  or  the  maximum  strain 
at  the  upper  and  lower  edges  of  the  section,  we  have  now  to 
find  the  extension  and  compression  there  from  the  deflection  of 
the  beam  with  a  given  load  in  the  centre,  for  which  we  have 
the  Bule: — 

(642.)  ^'2xil^2y' 
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in  which  D  =  depth  of  reotangular  bar  in  inches,  I  =  length 
between  supports  in  inches ;  fi  =  deflection  at  the  centre  in 
inches :  and  E0  =  extension  in  parts  of  the  length :  it  will  be 
obseryed  that  the  central  load,  and  the  breadth  have  nothing  to 
do  with  the  question  in  this  case.  The  rule  also  supposes  that 
the  compression  C  is  equal  to  E«,  which  perhaps  is  nearly  true 
for  light  strains  (617)  with  most  materials. 

(643.)  For  a  bar  1  inch  square,  and  12  inches  long,  1-7-2  =  6, 

A  ^x.       li™  T31       3x1x8        3x8         8^,    . 

and  the  rule  becomes  Ea,  =    ^  x  6^    *  ^'"^""^  ^'  24' 

is  to  say,  the  maximum  extension  and  compression  is  ^th  of  tho 
transverse  deflection. 

Table  105  gives  in  col.  4  the  mean  deflection  of  bars  of  many 
materials,  1  inch  square,  1  foot  or  12  inches  long,  by  1  lb.  in 
the  centre,  which  by  (638)  is  equivalent  to  18  lbs.  longitudinally. 

Thu3  with  cast  iron  the  rule  ^  becomes  •00002886  -^  24  = 

^4 

*  0000012  for  18  lbs.,  therefore  -0000012  -J-  18  =  -0000000667 

for  1  lb.,  or  -0000000667  X  2240  =  -0001494  per  ton,  tho 

length  strained  being  1*0. 

The  rule  ^  giving  in  this  case  the  extension  for  18  lbs.  per 

8  8 

square  inch  longitudinally,  is  equivalent  to  q.       j^g  or  ^^^ 

for  1  lb.,  and  to  —^132 —  or  ^  x  6-18  for  1  ton  strain  per 

square  inch. 

For  a  standard  bar  1  inch  square,  and  1  foot  long,  we  hav« 
the  Bules: — 

(644.)  Ep=A. 

(645.)  E<  =  8x6-18, 

in  which  Ep  «  the  extension  or  compression  in  parts  of  the 
length  per  lb.  per  square  inch:  E|  =  the  extension  or  com- 
pression per  ton  per  square  inch :  8  =  the  deflection  in  inches 
by  1  lb.  in  centre:  thus  for  cast  iron  2  =  -00002886  by  coL  4 
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of  Table  105 ;  henoe,  Bole  (645)  become^  *  00002886  ><  6  *  18 
ST  -0001494  as  before  (643). 

(646.)  Calculating  in  this  way  we  have  obtained  ool.  8  of 
Table  105.  Comparing  these  results  for  cast  and  wrought  iron, 
with  those  obtained  by  direct  and  exact  experiment  in  Table  91, 
we  have  for  cast  iron  '0001494  by  Table  105,  while  Table  91 
gives  for  extension  » 00016556,  and  for  oompression  '0001695 
parts  of  the  length,  by  1  ton.  For  wrought  iron,  Table  105 
gives  *  00008106,  while  Table  91  gives  for  extension  *  000080121, 
and  for  oompression,  *  00010138  parts  of  the  length,  by  1  ton* 
These  results  agree  fairly  well  together ;  hence  we  may  have 
confidence  in  the  method  we  have  followed,  and  by  which  coL  8 
of  Table  105  has  been  obtained. 

We  may  now  illustrate  the  application  of  these  rules  to 
practice :  say  we  have  a  wrought-iron  bar  50  feet,  or  600  inches 
long,  with  a  tensile  strain  of  8  tons  per  inch :  then  the  exten- 
sion :=  -00008106  X  600  X  8  =  0*389  inch.  Direct  experi- 
ment gives  by  ool.  5  of  Table  91,  *  000638774  x  600  s 
•888  inch. 

Again,  a  bar  of  Biga  fir,  with  say  2  tons  per  inch,  and  $ 
length  of  30  feet,  or  860  inches,  will  stretch  '00197  X  860  X  3 
=  1-42  inch. 

Again,  a  pillar  of  English  oak  12  feet  or  144  inches  long, 
with  a  compressive  strain  of  |  ton  per  square  inch  will  b^ 
shortened  by  the  pressure  *002043  x  144  X  |  »  0*22  inch 
ibis  being  the  wiean,  ooL  8* 
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(647.)  ••  Form  of  Curve  of  PZ«w*re."— With  a  parallel  beam, 
^  one  having  uniform  depth  and  breadth  throughout  the  length, 
resting  on  bearings  at  each  end,  and  loaded  with  a  central 
weight,  the  strain  on  the  material  is  a  maximum  at  the  centre, 
•nd  is  progressively  reduced  toward  the  ends,  where  it  become^ 
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nothing.  In  that  case  the  ehistic  canre  has  its  shortest  radios 
at  the  centre,  the  curve  becoming  progressiyelj  flatter  toward 
the  ends,  where  it  is  a  straight  line. 

When  the  strength  at  every  point  is  proportional  to  the 
strain  there,  for  example  when  the  depth  is  uniform,  and  the 
breadth  is  reduced  toward  the  ends  in  arithmetical  ratio  as  in 
Fig.  116,  the  elastic  curve  is  uniform  in  its  radius  from  end-to- 
end,  that  is  to  say,  it  is  a  simple  spherical  curve. 

^ Qwrve  with  Central  Load** — Let  Fig.  174  be  a  parallel  beam 
resting  on  two  bearings  and  loaded  in  the  centre:  then  w# 
have  the  Rule : — 

In  which  L  =s  length  of  the  beam  between  bearings, 
fi  =  deflection  in  centre  by  central  strain. 
m  s=  distance  from  centre  to  a  point  whose  deflection 

is  required. 
y  ss  co-ordinate  of  the  curve  at  that  point. 

Of  course  all  the  dimensions  must  be  in  the  same  terms,  feet| 
inches,  &c. 
(649.)  Thaa,  with  a  beam  10  feet  long,  say  S  =  0-25  foot; 

o  jf  ^    ix.      i.    xt    T>  1           8  X  -26      /6x9      27\ 
ff  =  8  feet :  then  by  the  Eule  y  =  x  I  —5 g-  J 

s  0*108 foot, or  1*296  inch:  hence  the  deflection  at  that  point 
is  8  —  1  *  296  =  1  •  704  inch.  Calculating  in  this  way  we  may 
obtain  any  number  of  points  through  which  the  entire  curve  of 
flexure  may  be  drawn.  Table  103  has  been  calculated  by  the 
rule,  the  halfAeagQi  of  the  beam  being  divided  into  10  parts, 
and  the  central  deflection  =1*0,  from  which  we  may  easily 
find  the  deflection  at  any  point  in  a  beam  whoso  central  de- 
flection is  known : — thus  in  our  case,  the  point  a  being  3  -7-  5 
=  0*6  of  the  half-length. distant  from  the  centre,  we  find  the 
deflection  at  that  point  =  0*568  x  8  =  1*704  inch  as  before. 
The  curve  B  in  Diagram,  Fig.  218,  has  been  obtained  from 
Table  103. 

<<  Load  oui  of  Centre."— Let  Fig.  175  be  a  parallel  beam  with 
*  load  W  out  of  the  centre :  knowing  the  deflection  which  any 
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Table    103. — Of   the   Form   of  the   Cubvib   of  Flexure   in 
Parallel  Beam  Deflected  hy  a  Central  Weight,  Fig.  213. 


DiMance 

from 

Centre. 

DeflecHon 

at  that 

DL«tance. 

Yalneofy. 

DIstanoe 

from 

Centre. 

Deflection 

at  that 

Distance. 

Yaloeofy. 

•0 
•I 
•2 

1-0000 
•9855 
•9439 

•0000 
•0145 
•0560 

•6 
•7 
•8 

•5680 
•4365 
•2960 

•4320 
•5635 
•7040 

•3 

4 

•5 

•8785 
'7920 
•6875 

•1215 
•2080 
•8125 

•9 
10 

•  • 

•1495 
•0000 

•  ■ 

•8505 
1-0000 

. . 

(1) 

(«) 

(3) 

(1) 

(2) 

(3) 

weight  would  prodnoe  at  the  centre,  we  may  find  the  deflection 
at  any  other  point  by  the  same  weight  applied  at  that  point,  by 
the  Bnle :— 

(650.)  d  =  ^x{Lxl)-P}*. 

In  which  I  =  the  distance  from  the  weight  to  the  nearest 
bearing  in  the  same  terms  as  L ;  d  s  the  deflection  at  the  point 
of  application  of  the  weight  W,  and  the  rest  as  before.  Thns 
taking  the  beam  in  (649)  whose  central  deflection  s  8  inches, 
and  say  we  require  the  deflection  at  a  point  8  feet  from  the  end, 
therefore  2  feet  from  the  centre : — then  the  Bole  gives  d  a 

5^  X  |lO  X  8)  -  8«l*=  0-1764   foot,    or    2-1168    inches. 

Table  104  has  been  calcnlated  by  the  Bnle,  taking  the  central 
deflection  =1*0,  and  dividing  the  half-length  into  20  parts, 
col.  2  gives  the  deflection  at  each  point  in  the  length  by  that 
same  constant  weight 

(651.)  For  example,  in  our  case,  the  point  is  2  -f-  5  =  0*40 
from  the  centre,  hence  the  deflection  there  =s  -7056  X  3  = 
2*1168  inches  as  before.  The  carve  A  in  Diagram,  Fig.  218, 
has  been  obtained  from  ooL  2  of  Table  104,  and  gives  the 
deflection  from  centre  to  end  for  a  rolling  constant  load.  For 
example,  say  we  have  a  beam  24  feet  long,  and  we  require  the 
deflection  at  6  feet  from  the  centre  by  a  certain  weight  applied 
at  that  point.    We  have  first  to  find  what  the  central  deflectioa 
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Table  104. — Of  the  Ratios  of  Deflection  in  Beams  TiiJiiuueLr 

Loaded. 


Distance 

lUtloof 
Deflectiou 
with  same 

Weight. 

Ratio  of 

of  Weight 

fh>in 

Centre. 

Z. 

Product  of 
Part-lengtha. 

Ratio  of 

SafiLoacU. 

W. 

Deflection 

wiib  s«fe 

LoadN 

D. 

WxD. 

•00 

1-0000 

20  X  20  =  400 

1-000 

1-0000 

1-000 

•05 

•9950 

21  X  19  =  399 

1-003 

-9975 

)• 

•10 

•9801 

22  X  18  =  396 

1012 

•9900 

ft 

•15 

•9555 

23  X  17  =  391 

1-023 

•9775 

M 

•20 

•9216 

24  X  16  =  384 

1-042 

•9600 

t* 

•25 

•8789 

25  X  15  =  875 

1-067 

•9375 

n 

•30 

•8281 

26  X  14  =  364 

10!)9 

•9100 

M 

•85 

•7700 

27  X  13  =  351 

1^140 

•8775 

91 

*40 

•7056 

28  X  12  =  336 

1-191 

•8400 

n 

•45 

•6360 

29  X  11  =  819 

1-254 

•7975 

n 

•50 

•5625 

80  X  10  =  300 

1333 

•7500 

M 

•55 

•4865 

81  X    9  =  279 

1^434 

•6975 

ft 

•60 

•4096 

82  X    8  =  256 

1-564 

-6400 

M 

•65 

•a335 

83  X    7  =  231 

1-732 

•6775 

ft 

•70 

•2601 

84  X    6  =  204 

1-961 

'5100 

n 

•75 

•1914 

85  X    5  =  175 

2-286 

♦4.375 

u 

•80 

'1296 

86  X    4  =  144 

2-778 

•3600 

9» 

•85 

•0770 

87  X    8  =  111 

8-604 

•2775 

w 

•90 

•0361 

88  X    2  =    76 

5-263 

•1000 

y» 

•95 

•0095 

89  X    1  =    89 

io-2«;o 

•0975 

M 

1-00 

•0000 

40  X    0  =      0 

infinite 

•0000 

ft 

<i) 

(2) 

(3) 

(0 

(6) 

1 

(6) 

would  be  with  that  same  weight  in  the  centre :  say  we  find  by 
calculation  or  experiment  it  was  1  j  inch :  then  the  half-length 
being  12  feet,  our  point  is  obviously  6-4-12  =  0*5,  for  which 
ool.  2  giyes  0*5625 :  hence  the  deflection  at  that  point  s  *5625 
X  li  =  O'Tinch. 

(652.)  "  Safe  Load.** — We  hare  here  taken  the  load  as  oon« 
Btant,  at  whatever  point  in  the  length  it  might  be  placed,  but 
the  safe  load  increases  as  it  moves  from  the  centre  toward  the 
end  in  inverse  ratio  of  the  product  of  the  two  parts  into  which 
the  length  is  divided  by  the  weight  (420),  for  example  with  a 
beam  20  feet  long,  a  weight  in  the  centre  divides  it  into  two 
lengths,  each  10  feet,  and  we  have  10  x  10  s=  100 :  now  say 
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ibat  lihe  weight  is  3  feet  from  one  end,  therefore  17  feet  from 
the  other :  then,  3  X  17  =  51,  or  about  half  that  with  central 
load,  showing  that  the  equivalent  load  there  is  double  the 
central  load,  the  beam  being  equally  strained  in  both  cases, 
although  the  actual  weights  are  in  the  ratio  of  2  to  1,  &c. 

In  Table  104  the  whole  length  is  divided  into  40,  and  the 
half-length  into  20  parts ;  col.  4  gives  the  ratio  of  the  equivalent 
or  safe  load  at  each  point,  and  col.  5  the  ratio  of  the  deflection 
at  that  point  due  to  that  load.  Thus :  the  deflection  with  any 
oeutral  load  being  1*0,  at  a  point  midway  between  the  centre 
and  the  end,  or  *Q  of  the  half-length,  it  would  become  *5625 
with  that  same  weight  at  that  point  by  col.  2 :  but  the  iafe  load 
wonld  then  become  1*0  X  400  -r  300  =  1*333,  as  in  col.  4, 
with  which  the  deflection  would  be  increased  to  *  5625  x  1  *  333 
s  -75,  as  in  col.  5,  The  curve  C  in  Diagram,  Fig.  213,  has 
been  obtained  from  col.  5,  and  this  curve,  it  may  be  observed,  is 
a  parabola,  but  differs  very  slightly  indeed  from  a  simple 
spherical  curve. 

"  Curtfe  of  Flexure  for  TJnrcentral  Load,^* — ^When  the  load  is  out 
of  the  centre,  as  in  Fig.  175,  the  elastic  curve  may  be  found  by 
the  Rule :— 

(653.)     ,  =  8»x^i|l±^x{<iH^^X.X<r) 


^n^-L\-z)x^  o?\ 


In  which  L  =  length  between  bearings :  8  s  deflection  in 
centre  which  a  given  weight  would  produce  if  placed  there : 
s  =  the  distance  of  the  same  weight  from  the  centre  of  the 
beam :  x  =  the  distance  from  the  weight  towards  the  nearest 
support,  of  a  point  in  the  curve  of  flexure  where  the  deflection 
is  required :  y  =  co-ordinate  of  the  curve  at  that  point 

(654.)  The  deflection  produced  by  the  weight  at  the  point  of 
application  may  be  found  by  the  Rule  (650),  &c. :  for  instance 
we  have  there  calculated  that  with  a  certain  beam  10  feet  long, 
a  weight  which  at  the  centre  gave  3  =  3  inches,  or  ^  foot, 
produced  a  deflection  of  2*1168  inches  at  2  feet  from  the 
centre  when  placed  there.     Now,  if  we  make  a;  =  to  the  whole 

2  A 


'         - -5- f  =  •  1764  foot, 
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distanoe  from  the  weight  to  the  support,  y  would  obviously  hm 
2'  1168,  or  equal  to  the  deflection :  ihen 

,  .  8  X  J  X  5i»  X  |l:^«)-'<-i  X  «  X  8) 

+  (2  6  1 

or  2  *  1168  inches,  as  before.    For  the  point  B  we  have :— • 

or  '5366  inch :  hence  the  deflection  at  B  s  2*1168  —  *  5366  m 
1  *  5802  inch.    Similarly  for  the  point  0  we  have : — 

or  1-2531  inch:  hence  the  deflection  at  0  «  2-1168  -»  1*2531 
=  - 8637  inch,  &c. 

Thus  the  flexure  at  any  number  of  points  between  the  weight 
and  0  may  be  found,  and  by  making  z  negative,  the  other  part 
of  the  curve  between  the  weight  and  n  may  be  found  also. 

(655.)  The  curve  of  flexure  has  in  all  cases  the  shortest 
radius  at  the  point  where  the  weight  is  applied,  showing  that 
the  strain  is  the  greatest  at  that  point,  and  that  the  beam  will 
break  there,  but  the  deflection  of  the  beam  is  not  a  maximum 
at  that  point  except  when  the  weight  is  at  the  centre.  The 
deflection  is  a  maximum  between  the  weight  and  the  centre  of 
the  beam,  but  much  nearer  the  latter  than  the  former:  its 
position  may  be  found  by  the  Bule : — 

(666.)   m  =  aL]  +.)  -  (^L)«  +  <*^>  ^  '  ^  ^  -ffl. 

In  which  in  s  the  distance  of  the  weight  from  the  point  of 
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maximnm  deflection  and  the  rest  as  before:  see  Fig.  175. 
Thus  in  the  case  of  the  beam  in  (654)  we  obtain  m  s  (5  +  3)  — 

25  + g SI        ^^  ^*^*  ^^  *^®  weight,  therefore    . 

2  —  1*5  =  0*5  foot,  or  6  inches  from  the  centre. 

As  the  distance  of  the  weight  from  the  centre  increases,  so 
does  m  increase,  and  it  becomes  a  maYiTnum  when  the  weight  is 
at  the  support,  when  c  =  (^  L),  and  it  then  becomes  m  »  (5  +  5) 

-  |25  +  ^  ^  3  ^  ^  -  y[*=  4 -227  feet  from  the  weight  (and 

the  support),  or  5  »  4*227  =  0*773  foot  from  the  centre, 
which  is  equal  to  *778  -4-  5  =  *  1546  of  the  half-length  of  the 
beam.  From  this  it  appears  that  wherever  a  weight  is  placed, 
the  point  of  maximum  deflection  can  never  be  more  than  0  *  1546 
of  the  half-length  distant  from  the  centre. 

(657.)  Comparing  the  curves  A  and  B  in  the  Diagram,  Fig. 
218,  we  observe  this  remarkable  fact;  that  the  deflection  at 
anj  and  every  point  of  a  beam  with  a  central  load  is  greater 
than  would  be  produced  by  that  same  weight  at  any  other 
point :  for  example,  the  curve  B  =  the  deflection  at  every  point 
throughout  the  length  by  a  given  central  weight,  and  A  s  the 
deflection  at  the  same  point  by  the  self-same  weight  placed 
there.  This  of  course  is  due  to  the  isuot  that  the  beam  is  less 
strained  by  a  weight  out  of  the  centre  than  by  the  same  weight 
in  the  centre.  When  strained  at  every  point  to  the  same 
extent,  or  in  proportion  to  the  strenglJi,  the  deflections  are 
given  by  the  line  C. 

(658.)  "  Latos  of  Deflection:*— The  Deflection  of  beams  varies 
very  much  with  the  methods  of  fixing  and  loading  (6ri7) :  to 
simplify  the  matter  we  may  take  as  a  Standard  case,  that  of  a 
horizontal  beam,  supported  at  each  end  and  loaded  in  the 
centre :  other  conditions  may  be  considered  afterwards.  We 
then  have  the  Bules — 

(669.)  8  -  ^^p^. 

(660.)  .  .  ^{^^^)- 

2  A  a 
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Table  106.— Of  the  Deflbctioh  of 


Weight  in 
Centra, 


Ihe. 

28 

56 
112 

168 
224 
280 

836 

892 
4i8 

504 
560 
616 

672 
728 
784 

840 
896 
952 

1008 
1064 
1120 

1282 

1288 
1344 

1568 
1792 
2016 

Mhi 
2240  =  5 
10 
15 


Length  between  supports.  18*5  ft 
D  pth      ..     ..     1-615  inch. 
Breadth  ..     •.    6'&23  Inches. 


Deflection* 


07  Ex- 

periment 


1 

1 
1 

1 
1 
1 

1 
1 
1 

2 
2 
2 

2 
2 
2 

8 
3 


051 
112 
232 

344 
458 
571 

684 
800 
916 

005 
124 
222 

332 
434 
547 

693 
824 
933 

044 
165 
256 

461 
546 
659 

057 
567 
160 


5*930 

6-51 

6-65 


GUon- 
lAted. 


0561 
1123 
2246 

8368 
4491 
5614 

6737 
7860 
8982 

010 
228 
285 

874 
459 
572 

684 
797 
909 

021 
133 
246 

470 
582 
695 

144 
592 
042 


4*491 


Modnlusof 

Elasticity  in 

Lbs.  per  Square 

Inch. 


a) 


"limit  of  SlMtidtj' 
(3)         (8) 


81,092,700 
27,672,000 
26,717,000 

27,028,500 
27,067,900 
27,189,000 

27,186,600 
27,118,600 
27,067,900 

27,754,700 
27,573,600 
27,895,000 

27,921,400 
28,096,500 
28,047,700 

27,459,600 
27,264,200 
27,256,900 

27,293,000 
27,199,100 
27,470,000 

27,705,800 
27,998,100 
27,978,100 

28,387,100 
27,863,300 
26,820,600 


20,905,000 

M 

n 
:  I8Y8  Ifat. 


mment 
bet. 


indies. 


001 
002 
003 

003 
004 
006 

007 
008 
010 

Oil 
017 
019 

019 
019 
020 

021 
022 


024 
•268 

12-238 

•  • 


Lengths  between  supports,  13*5  ft. 

Depth 1-027  indL 

Brottdth 5*510  inches. 


Deflection. 


QyEx- 
pertinent. 


Gal- 
cnlsted. 


•8585 

•7200 

1-0700 
1-3940 
1-7410 

2  1590 
2-5065 
2-8015 

31685 
3-6095 

3  9595 

4-8370 


•8613 
•7226 

1-084 
1445 
1-804 

2168 
2-629 
2-890 

3-252 
3-618 
8-974 

4-886 


Modnlns  of 

Elasticity  in 

Lbs.nerSqnsrs 

Inch. 


27.817,800 
27,701,900 

27,960,700 
28,616,000 
27,477,800 

27,778,500 
27,851,000 
28,478,100 

28,871,800 
27,629,000 
27,705,300 

27,598,300 


•• 
•• 

•• 
•• 

•• 
•• 


••limit  of  Elastldiy' 
(a)  (3) 


86]  lbs. 
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Bars  of  Rolled  Wrought  Iron. 


AmnuLSD  Ibov. 

Length  1 
Depth   . 
Breadth 

}etween  supports. .  6*76  feet 

1-027  inch. 

..     , B'filO  Inches. 

Length  between  sapp 

Depth     

Breadth 

orta.  13*6  feet. 
..  1*026  Inch. 
..  6*050  inches. 

■  ■       *F      *r^r^^    U»9^4*w%r-%gm 

DeflectloD. 

Modnlns  of 
EUsUcity  in  Lbs. 
per  Square  inch. 

Defleotkn. 

Modulus  of 

Qy  Ex- 
periment. 

OpOoilated. 

By  Ex- 
pvriment 

Oalcalitted. 

ElABtlcity  in  I.bs. 
per  Square  inch. 

•  • 
•0865 

•  • 
•09082 

•  • 
28,822,700 

•1900 
•3855 
•7(>90 

•1976 
•8953 
•7727 

28,718,200 
28,0  0,000 
28,882,200 

•1800 

•18064 

27,765,700 

1^564 

1-581 

27,910,000 

•  • 

•• 

•  • 

•  • 

•  • 

•• 

•• 

•• 

•  • 

2-845 

2-372 

27,921,600 

•8595 

•86i28 

27,734,000 

8-675 

8-168 

28,382,200 

•• 
•• 

•• 
•• 

•• 
•• 

3-833 

8-953 

28,471,000 

•• 

•• 

•  • 

•  • 

•  • 

•  • 

•5397 

•  # 

•5419 

•  • 

27,717,200 

4-775 

4-744 

9  g 

27,425,200 

•• 

•• 

•  • 

•  • 

•  • 

•  • 

•7190 

•7226 

27,740,400 

7-695 

6-825 

24,610,000 

•• 

•• 

•• 

•  • 

•• 

•  • 

•• 

•• 

•• 

•• 

•• 

••  . 

•9040 

•9032 

27,579,800 

•• 
•* 

•• 
•• 

•• 

•• 

•• 

•  • 

•• 

•• 

•• 

1-693 

1^084 

27,384,900 

•• 
•• 

•• 
•• 

•• 
•• 

1-299 
1-536 

1-264 
1-445 

26,870,000 
25,9r0,500 

•• 
•  • 

•• 
•• 

•• 

•• 

•• 

•• 

•  • 

•• 

•• 

•• 

•• 

•• 

•• 

•• 

•• 

•• 

•• 

•• 

•  • 

•• 

•» 

•• 

•• 

•• 

•• 

•  • 

•• 

*'JAm 

ItofKUiticIty 

"3  1722  lbs. 

"Liml 

It  of  ElasUdt; 

Y*'sz1BSl\m. 

(a) 

(3) 

(*) 

(a) 

(3) 

(4) 
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Table  107. — Of  the  Tbansvebsb  Stbenoth  ftnd 


Weight 
in 

C^immel  and  Oo/f 

**  Diamond  "Steel: 

Bar  1 '064  Inch  Squara. 

Cammel  and  Co.*t 

Chisel  Steel : 

Bar  0*994  inch  Sqnart. 

Centre. 
Lbs. 

By 

Experi- 
ment. 

CUcnlated. 

Modulos  of 

Elasticity:  Lbs. 

Ed. 

By 
Experi- 
ment. 

Gaknlated. 

Modnlusof 
Elasticity :  Lbe. 

100 

117 

•1058 

27,262,900 

•141 

•1338 

28,599,600 

200 

225 

•2116 

28,353,400 

•268 

•2676 

30,093,500 

800 

333 

'3174 

28,736,600 

•398 

•4014 

30,396,000 

400 

•427 

•4232 

29,880,600 

•522 

-5352 

80,900,650 

500 

'534 

•5290 

29,866,700 

•653 

-6090 

30,877,000 

600 

-632 

•6348 

30,187,000 

•804 

-8028 

30,093,500 

700 

'741 

•7416 

30,132,700 

•924 

•9366 

30,549,500 

800 

'860 

•8464 

29,672,200 

1-064 

1-0704 

30,300,000 

900 

'982 

•9522 

29,234,100 

1194 

1-204 

30,896,000 

1000 

092 

1-058 

29,210,000 

1-274 

1-338 

81,652,500 

1100 

192 

1-164 

29,435,800 

1-454 

1-472 

80,507,500 

1150 

242 

1-217 

29,534,800 

1-504 

1-539 

30,833,800 

1200 

302 

1-270 

29,898,600 

1-594 

1-606 

30,357,800 

1300 

372 

1^375 

30,223,700 

1-924 

1-739 

27,246,800 

1400 

'512 

1-481 

29,534,800 

2-884 

1-873 

19,597,400 

1450 

'562 

1-534 

29,610,000 

3-294 

1-940 

17,759,800 

1500 

'662 

1-587 

28,788,400 

•• 

1600 

'832 

1-693 

27,858,200 

•• 

1710 

2 

062 

1-809 

26,452,400 

•• 

1766 

2 

•302 

1-868 

24,470,000 

•• 

1822 

2 

■662 

1-928 

21,632,200 

•• 

1878 

8 

•042 

1-987 

19,692,200 

•• 

1934 

3-732 

2-046 

15,530,000 

•• 

(1) 

(a) 

(3) 

W 

(a) 

W 

w 

Sunk  with  1934  lbs. :  Mt  =  7432  lbs. 
Calculated  "  limit  of  Elasticity  "  as  1467  Iba. 


Sank  with  1450  lbs. :  Mt  =  6644  lbs. 
«•  Limit  of  **  ElasUcity  **  s  1222  lbs. 
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DEFLECTieN  of  Stebl  Bars,  4)  feet  long. 


Brown  and  Oo/s 

Best  Out  Steel  for  Turning  Tools : 

Bftr  0*97  inch  Square. 


^7 
Experl- 

BMOt. 


•148 
•283 
•415 
*555 
•690 
•887 
•977 
1-117 
1-237 


1-747 


•* 

■• 


(a) 


Oalonlated. 


•1475 

•2950 

•4425 

•5900 

•7375 

•8850 

10325 

1180 

1-327 


1^696 


•• 


•• 


•• 


•• 


•• 


•• 


•• 


•• 


(«) 


Modulus  of 
Elasttcity:  Lbs. 


30,045,000 
31,415,200 
32,144,500 
32,047,900 
32,222,100 
31,875,700 
31,859,400 
31,847,200 
32,352,500 


29,291,100 


•• 


•• 


•• 


•• 


•• 


•• 


•• 


•« 


(4) 


Brown  and  Oo.'s 

Best  Cast  Steel  ior  Chisels: 

Bar  0*97  Inch  ikjuare. 


By 
Experi- 
ment. 


•166 

•310 

•462 

•614 

'772 

•932 

1-082 

1-242 

1^402 


•• 


2-642 


•• 


•• 


•ft 


W 


Cal<qilM4>d, 


•1475 

•2950 

-4425 

•5900 

-7375 

•8850 

10325 

1-180 

1-327 


1-696 


*• 


•• 


•• 


•• 


•• 


•• 


«» 


(«) 


Modulus  of 

Elasticity:  Lbs. 

Ed. 


26,787,100 
28,688,100 
28,874,400 
28,968,300 
28,799,600 
28,626,500 
28,767,700 
28,648,500 
28,544,900 


19,355,300 


•• 


•• 


•• 


•• 


•• 


•• 


W 


Sunk  wUh  1400  lbs. :  fM^  =  6003  lbs. 
•«  Limit  of  ElasUdiy  "  =  1130  lbs. 


Sunk  with  1150  lbs. :  IM,  =  5671  lbs. 
**  Limit  of  Elasticity  *'  =  use  iba. 


862  BBAKS:  LAWS  OF  DKFLBOTIOK. 

L«  X  W  X  0 


(661.)  6  = 


S  X  d* 


(662.)  W  =  ^LjSl2<J. 

(664.)  0  .  ^^'^^^. 

In  whioh  W  =  weight  or  load  in  Ibfl.,  tons,  &e.,  dependent  oa 

the  value  of  0. 
d  n:  depth,  in  inches. 
6  =  breadth,  in  inches. 
L  s  length  between  bearings,  in  Feet. 
h  s  deflection,  in  inchea 

0  =  Constant   derived   from  experiment^   in  lbs., 
tons,  &o. 

(665.)  The  mean  value  of  0  for  most  ordinary  Materials  is* 
given  by  col.  4,  &c.,  of  Table  106.  Table  64  gives  in  col.  6 
the  mean  value  for  54  different  kinds  of  Cast  iron  =  *  00002886. 
Table  106  gives  the  result  of  experiments  on  the  Deflection 
of  wrought-iron  bars  by  Mr.  Hodgkinson;  cols.  8,  8,  3,  8 
having  been  calculated  by  Bule  (659),  the  value  of  0  being 
taken  at  -00001565  from  col.  4  of  Table  105:  thus  for  the 
bar  in  which  L  s  18*5  feet,  d  s  1*515 ;  6  =  6*523,  and  say 

w  110  iw.  V*  *  i>  18 •5»  X  112  X  *00001565 
W  =  112    lbs.,    we    obtain    8  =  pgiy  ^  5*523 

=  0*2246  inch  deflection,  as  in  coL  8  of  Table  106.  CoL  3  of 
Table  70  has  also  bieen  calculated  by  this  rule :  col.  4  shows 
very  clearly  the  effect  of  defect  of  Elasticity,  the  Batio  rising 
from  1*0  with  light  loads  to  13  *  13  with  Breaking-down  load. 

Table  107  gives  the  result  of  Mr.  Fairbaim's  experiments  on 
the  deflection  of  Steel ;  cols.  8,  3,  8,  3  have  been  calculated  by 
Bule  (659),  the  value  of  C  being  taken  at  -00001433  from  ooL  4 
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of  Table  105;  thos  for  the  bar  in  which  L  s  4*5  feet;  d  s 

1*054;  h  » 1-054,  and  saj  W  «  1000  lbs.,  we  obtain  8  » 

4-5' X  1000  X  -00001433      ,  akq-    i.^  4i    ^-  •       i  o 
r054'x  1-054 "^     ^^  ®  inch  deflection,  as  in  coL  8 

of  Table  107. 

(666.)  Table  108  gives  the  reenlt  of  special  experiments  on 
Blaenayon  Cast  iron ;  it  will  be  fonnd  that  with  small  loads, 
say  up  to  ^rd  of  the  breaking  weight,  the  deflections  will  be 
given  by  Bule  (659)  with  moderate  accuracy,  as  shown  by  col.  7, 
but  as  the  load  increases  the  experimental  deflections  exceed 
the  calculated  ones  more  and  more.  This  fact  is  due  to  defect 
of  elasticity^  leading  to  the  necessity  for  special  Bules  for  Cast 
iron  under  heavy  strains:  this  matter  is  folly  considered  in 
(688).  CoL  7  has  been  calculated  by  Rule  (659),  taking  the 
value  of  0  for  Blaenavon  iron,  at  -00003133  from  coL  6  of 
Table  64.  Thus  for  the  bar  in  Table  108,  in  which  L  =  18  •  5 ; 
d  =  1*522;  6  »  3-066;  andsayW  =  112 lbs.,  we  obtain  8  s 
13-5»  X  112  X  -00003133      ^  „r,Q„  a  q  •    i.   a 

r5223  ^  3.066 =  ^'^^^^^  ^'  «^y  ^'^  "^^^»  *^-'" 

in  col.  7  of  Table  108. 

Table  112  gives  in  cols.  2,  6  the  deflections  of  two  large 

beams  of  American  Pine  from  the  experiments  of  Mr.  Edwin 

Clark ;  cols.  3  and  7  give  the  calculated  deflections  by  Bule 

(659).    Taking  the  value  of  C  by  Tredgold's  experiments  in 

col.  4  of  Table  105,  at  -  0002661  inch,  we  obtain  for  say  8653  lbs. 

15'  X  3653  X  -0002661       n  ^koo  -    x.  a  a    u 

S  = — i-si ii> «  0-1582  inch  deflection,  as  in 

12'  X  12 

ooL  8 :  experiment  gave  0  *  15  in  ooL  2.    It  will  be  observed 

that  up  to  the  safe  load,  say  ^  of  the  breaking  weight  (888), 

the  deflections  as  calculated  agree  furly  with  experiment,  but 

as  the  load  is  increased,  the  actual  deflections  are  more  and 

more  in  excess  of  those  given  by  the  rule,  this  being  due  to 

defect  of  Elasticity  (692). 

(667.)  "  Effect  of  Modes  of  Fixing  and  Loading:'— When  the 
deflection  for  the  Standard  case  of  a  beam,  having  the  load  in 
centre  and  supported  at  the  ends,  is  known  by  calculation  or 
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experiment,  the  effect  of  other  conditiop«  may  be  meet  readily 
found  bj  the  use  of  Constants ;  we  tbei  h  .ve  the  ratios — 

Beam  supported  at  ends  and  weight  in 

centre  ••  ,,  ..  ..  deflection  =  1*0 

Beam  supported  at  ends,  load  equally 

distributed  all  over  ..  ..  ..         ,,         s      f 

Beam  built  into  walls,  &c.,  at  each  end, 

load  in  centre  ..  ..  ..         ^         ss      } 

Beam  built  into  walls,  <&c.,  load  equally 

distributed  all  over  ..  ..  ..         ^         =     ^ 

Beam  fixed  at  one  end  and  loaded  at 

the  other       „  „  ..  ..         ^         =r    82 

Beam  fixed  at  one  end,  load  equally 

distributed  all  over ..  ..  ..         „         s    12 

In  all  these  cases,  the  weight  is  supposed  to  be  constant. 
There  is  considerable  uncertidnty  in  the  deflection  of  beams 
fixed  at  one  end,  arising  from  irregularities  in  fixing.  This  is 
shown  by  Mr.  Fincham's  experiments,  who  found  the  ratio  to 
vary  from  18*6  to  44*5,  the  mean  of  14  experiments  being  28, 
whereas,  the  theoretical  ratio,  as  we  have  shown,  is  82. 

(668.)  '*  Batio  of  E<mnd  ar^  Sqmre  Sections^'—Theoreiicallj 
a  round  bar  deflects  more  than  a  square  one  in  the  ratio  of  1  *  7 
to  1  *  0,  the  weight,  &c.,  being  the  same  in  both  cases,  and  this 
ratio  should  be  the  same  for  all  materials.  It  is  probable  that 
this  ratio  is  correct  for  light  strains,  but  when  the  breaking 
weight  is  approached  the  conditions  are  changed,  and  the  ratio 
of  sti&ess  seems  to  change  also :  from  the  inadequate  experi- 
ments we  have  the  experimental  ratio  is  for  wrought  iron  1  *  6 
to  1  *  0,  and  for  cast  iron  1  *  5  to  1  *  0. 

«*  Cast^ron  X  Sectioru" — When  the  top  and  bottom  flanges  of 
a  girder  are  equal  to  one  another  the  theoretical  Bule  for 
deflection  is 

(669.)    8  =  L»xWxC^p^^)-<'^^^}. 

In  which  D  =  the  total  depth,  B  =  breadth  of  flanges,  and  d  a 
the  depth  between  top  and  bottom  flanges,  6  =  breadth  of  flange 
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minoB  the  tbickness  of  the  vertical  web,  all  in  incbes ;  L  s  Uie 
lengtb  of  tbe  beam  between  supports  in  feet ;  W  =  central  load 
in  tons,  lbs.,  &o.,  dependent  on  0,  tbe  yalne  of  wbicb  is  given 
by  coL  4  of  Table  105 :  coL  6  of  Table  64,  &o. 

**  Old  BuleJ* — Tbe  Bnle  commonly  nsed,  althongb  not  so 
correct  in  principle,  will  give  results  wbicb  agree  better  witb 
experiment :  tbid  rule  becomes 

(670.)    8  =  L*x  W  xO^{d»xB)-(4»x6}- 

**  Unegual-flanged  Sections.^* — In  ordinary  cases,  tbe  flanges  of 
cast-iron  girders  are  unequal,  as  in  Fig.  79,  wbicb  is  tbe  section 
of  large  girders  experimented  npon  by  Mr.  Owen,  wbose  results 
are  given  by  Table  68.    For  sucb  sections  we  baVe  tbe  Rule : — 

(671.) 

8  =  L*  X  W  X  .C-f-{iy  X  B)  -  (d»  X  6]  +  [do'  X  6o}. 
In  wbicb  D  =  total  deptii,  d  =  total  deptb  minus  tbat  of  ^e 
bottom  flange,  d^  =  tbe  deptb  between  top  and  bottom  flanges : 
B  =  breadtb  of  bott(»n  flange,  6  =  tbe  breadtb  of  bottom  flange 
minus  tbat  of  tbe  top  one,  &o  =  breadtb  of  top  flange,  minus  tbe 
tbickness  of  tbe  web.  Tbus in  Fig.  79,  D  =  14,d  =  14  -  1}  » 
12i,do  =  lli,B  =  12,  6  »  12  -  3i  =  8i,  6o  =  8i  -  1  =  2i: 
ihen  taking  0  from  coL  6  of  Table  64  s  -00002886,  and  W  = 
say  7  tons, or  15,680  lbs., and  L  =  16  feet,  we  obtain^  =  16*  X 

15680  X  -000028864-  { 14*  X  12)  -  (12^*  X  8^]  +  [llj*  x  2^} 

=  *  1849  incb  deflection  of  a  parallel  beam,  but  in  our  case 
tbe  flanges  were  bellied,  as  in  Fig.  181,  wben  tbe  deflections  are 
greater  in  tbe  ratio  1-44  to  1*0  (701),  bence  -1849  x  1*44  = 

*  1942  incb  deflection.  Tbe  experimental  deflections  were  very 
variable,  as  sbown  by  Table  68,  ranging  in  11  specimens  from 

*  14  incb  to  '42  incb,  or  in  tbe  ratio  1  to  8. 

"  Cast  Iron  X  and  T  iSec<ion«."— We  found  in  (344)  tbat  tbe 
transverse  gtrength  of  tbese  sections  depends  on  tbeir  position, 
being  greater  in  X  tban  in  T  in  tbe  Ratio  8*08  to  1*0  in  tbat 
particular  case.  Bnt  tbe  stiffness  of  sucb  beams  is  tbe  same  in 
eitber  position,  as  sbown  by  Mr.  Hodgkinson's  experiments: 
ibus  in  Fig.  72,  G  and  H  were  practically  identical,  and  with  a 
lengtb  of  6^  feet  tbe  results  were  — 
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With  14  lbs.,  the  deflections  were  '032  inch,  and  '0S5  inch. 

21    „  „  -046    „  -046    „ 

28    „  „  '064    „  -066    „ 

66    „  „  -130    „  -134    „ 

112    „  «  -278    „  -270    „ 

Showing  almost  perfect  equality  up  to  112  lbs.,  which  is  about 
^rd  of  the  breaking  weight  in  position  T  (364  lbs.),  but  -j^th 
only  in  position  ±  (1120  lbs.).  The  old  Rule  (670)  will  giye 
the  same  deflection  in  either  position :  thus  with  Fig.  72,  and 
W  =  say  112  lbs.  we  obtain  8  =  6^'  X  112  X  -00002886  4- 

/ 1*55»  X  6).-  (l-25»  X  4-64  J  =  -1863  inch  deflection:  ex- 

periment  gave  '  273  inch. 

(672.)  "  WtvugJU-iron  I  Sedions.'*— The  Rules  we  have  given 
for  cast-iron  Xt  T,  and  X  sections  will  apply  equally  to  wrought- 
iron  ones,  with  the  proper  value  of  0,  which  for  lbs.  =  *  00001565 
by  coL  4  of  Table  105.  Thus,  with  Fig.  154,  by  Rule  (669) 
D*  =  10000,  d*  or  8f  =  5862,  6  =  4f  -  i  =  4^,  Ac.,  L»  or 
18*  a  5832,  and  with  W  »  say  30^  cwt.  or  83,880  lbs.  we  obtain 

i  =  5832  X  33880X  - 00001565 --{^QQ<>Qx^)-(^^^^^^|  = 

*1369  inch  deflection:  experiment  gave  *  16  inch.  Table  78 
gives  in  col.  8  the  experimental  deflection  of  a  series  of  rolled 
beams  of  ordinary  equal-flanged  sections:  ool.  9  has  been 
calculated  by  Rule  (669)  and  shows  an  error  of  «  14  per  cent 
The  old  Rule  (670),  although  not  so  correct  in  principle,  will 
give  results  which  agree  better  with  experiment;  ooL  10  has 
been  calculated  by  that  rule ;  the  mean  error  of  the  whole  is 
+  5  per  cent.  only. 

^  Unequal  SecHona  *' — When  the  top  and  bottom  flanges  are 
unequal,  as  in  Fig.  80,  the  most  correct  method  of  calculation 
will  be  to  estimate  from  the  bottom  or  the  line  N.  A.,  as  we 
found  to  be  necessary  in  calculating  the  strength  in  (878) :  we 
then  have  the  rule : — 

(673.)       i  =  L"  X  W  X  •  00001565  4- {d»  -  <P]  X  B) 

+  (^-c?i«]x6)+(d/xC}. 
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Table  109. — Of  the  Deflection  of  Rolled  Ibon  X  BBMnw 

Fig.  90 

:  10  Feet  Long. 

Fig.  89:  11  Feet  Long. 

Weigh! 

By 

Ezperi- 

ment 

Bale  (673). 

Weight. 

By 
Experi- 
ment. 

Rule(673). 

By 
Role  (671). 

lbs. 

lbs. 

885 

•  • 

•0237 

885 

•04 

•0475 

•032S 

2,631 

•04 

•0704 

2,581 

•12 

•1385 

•0942 

4,858 

•12 

•11«5 

4,317 

•20 

•2317 

•1575 

6,098 

•15 

•1630 

6,050 

•26 

•8248 

•2207 

7,827 

•19 

•2093 

7,743 

•35 

•4157 

•2460 

9,685 

•21 

•2563 

9,493 

•46 

•5096 

•3511 

11,278 

•26 

•3086 

11,253 

•60 

•6041 

•4105 

12,980 

•30 

•3471 

12,955   = 

faUed 

•• 

•  • 

14,693 

•35 

•3930 

•  • 

•• 

•• 

•• 

16,373 

•45 

•4378 

•t 

•• 

»• 

.. 

18,115 

•68 

•4845 

*• 

•• 

•f 

•• 

18,962  = 

failed 

•  • 

•• 

•• 

•* 

•  • 

0) 

(2) 

(3) 

(0 

(0 

(«) 

a) 

The  yalnes  of  D,  d,  c?|,  B,  5,  and  0,  are  given  by  Fig.  80,  and 
the  rest  as  in  (664).  Figs.  89,  90  are  sections  of  beams  experi- 
mented  npon  by  Mr.  Fairbaim,  the  deflections  being  given  in 
cols.  2,  5  of  Table  109.  Thus  in  Fig.  89,  with  886  lb&,  the 
Bale  gives 

8  =  II*  X  885  X  -00001565  ^  1 7»  -  6*]  X  2^) 

+  (6»  -  -88^  X  -325)  +  (  '38»  X  4}  =  -04761  inch 

deflection :  experiment  gave  •  04  inch,  &o.  Cols.  8,  6  of 
Table  109  have  been  calculated  by  this  role,  and  show  a  fair 
agreement  with  experiment:  the  calculated  deflections  with 
Fig.  89  show  an  error  of  +11^9  per  cent.,  and  of  Fig.  90, 
+  2*3  per  cent. :  the  mean  of  the  whole  being  +6*4  per  cent. 
It  is  remarkable  that  this  role  applied  to  sections  with  equal 
flanges  does  not  give  satisfactory  results :  col.  11  of  Table  73 
has  been  calculated  by  it  and  shows  a  mean  error  of  +  42  per 
cent ;  while  Rule  (669)  gave  -  14,  and  Rule  (670),  +  6  per 
cent.  In  order  to  render  Table  73  directly  available  for 
practical  purposes,  we  have  given  in  col.  13  the  experimental 
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deflection  for  each  section  by  1  cwt.  in  the  centre  of  *  beam 
1  foot  between  snpports,  and  as  the  deflections  are  simplj 
proportional  to  the  cabe  of  the  length  and  the  weight,  we  hare 
the  Hule  :«- 

(674.)  8  =  Tp  X  L»  X  W. 

In  which  To  s  the  Tabalar  number  in  col,  13  ;  L  =  length  in 
feet ;  W  =  weight  in  cwts. ;  and  8  =  deflection  in  inches. 
Thus  with  No.  6,  say  L  =  20  feet;  W  =  35  cwt. :  then  we 
obtain  '00000239  x  8000  x  35  ==  0*6692  inch  deflection:  ex- 
periment  gave  |  inch,  col,  8. 

(675.)  "  Wrought  iron  T  S^uw.*'— This  form  of  section  in 
wrought  iron  should  always  be  loaded  with  the  top  flange 
uppermost  in  the  ordinary  case  of  a  beam  supported  at  both 
ends,  for  reasons  given  in  (377),  we  must  then  calculate  the 
deflections  by  measuring  the  depths  from  the  bottom  or  from 
the  line  N.  A.  in  Fig.  132>  and  we  have  the  Bule : — 

(676.) 

8  =  L«x  W  X  •000015654-{l>*-<i']  X  B)  +  ((P  x  &}• 

In  which  the  values  of  D,  d,  B,  h,  are  given  by  Fig.  132  and 
the  rest  as  in  (664).  Thus,  Fig.  87  is  the  section  of  a  bar, 
which  with  a  length  of  10  feet,  deflected  jr  inch  with  2  cwt.  in 
the  centre  :  then  the  Rule  gives  8  =  10*  X  224  x  -00001565  -r 

{2i»  -  2i«]  X  2^)  +  (2^'  X  f }  =  0-2359    inch  deflection: 

experiment  gave  0*25  inch,  &c.  Table  71  gives  in  col.  11  the 
experimental  deflections  of  a  series  of  T  iron  bars :  col,  12 
has  been  calculated  by  the  Role, 

When  the  depth  is  equal  to  the  brefidth  and  the  thiokiiess  is 
the  same  all  over,  the  rule  becomes 

(677.)      8  =  L»  X  W  X  00001565  ^  (D*  -  d*). 

In  which  the  section  A  is  regarded  as  composed  of  two  bars 
B,  G,  as  in  Fig.  70,  which  is  not  strictly  correct,  as  explained  in 
(337),  a  more  correct  rule  would  be : — 

(678.)       J  a  L^  X  W  X  00001565  -^  (—^-^^  . 

2  ■ 

t 
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The  effect  of  the  two  rules  may  be  shown  if  we  take  the  section 
Fig.  132,  and  calculate  the  deflection  by  both,  for  say  12  cwt,  or 
1344  lbs.,  with  a  length  of  10  feet  Then  Rule  (677)  becomes 
S  =  10*  X  1344  X  -00001565  4-  (8*  -  2^*)  =  0-5008  inch 
deflection.      By    Rule    (678)    we    obtain   ^  =  10*  X  1344  x 


00001565 


4341  inch  deflection. 


Table  110. — Of  the  Deflection  of  Holled  Wrought- ibon  T  Beams, 
1  foot  long,  with  a  weight  uf  1  cwt.  in  the  Centre,  the  flange  beiug 
ui  permost. 


Depib 

nf  Ri  Mtn 

Thickness  all  over. 

and 
width 

FUnge. 

i 

A 

* 

i 

i 

i 

DefleciioD  in  Inches. 

H 

•000677 

•  9 

•• 

•• 

2 

•000268 

•0002247 

•  • 

.« 

2+ 

•000132 

•0001097 

•  • 

.  * 

8 

•0000G15 

•0000529 

•00004227 

^ 

•0000379 

•000032.') 

•00002041 

V 

•• 

•0000213 

•00001673 

•00001404 

5 

•• 

•0000106 

•00000825 

•00000685 

•00000593 

6 

•• 

. . 

•00000465 

•00000384 

•00000331 

Table  110  gives  the  deflection  of  Standard  sizes  of  T  iron 
bars  1  foot  long,  with  a  load  of  1  cwt.  in  the  centre,  calculated 
by  the  Bnle : — 

(679.)  a  =  •  001773  -4-  (D*  -  d"). 

The  deflection  for  any  load  and  IcDgth  may  be  easily  fonnd 
from  Table  110  by  the  Rule  (674) :  thus,  aTbar4x4xi  inch 
thick,  20  feet  Lmg,  with  10  cwt.  in  the  centre,  will  deflect 
•00001673  X  8000  x  10  =  1^34  inch,  &c. 

(680.)  Deflection  of  Wrought-iron  Lattice  Girder$:'— The  de- 
flection of  lattice  girders  may  be  calculated  from  elementary 
principles.  To  do  this  with  scientific  accuracy  is  a  difficult 
mathematical  problem,  but  we  may  obtain  approximately  correct 
results  by  ordinary  reasoning  and  common  arithmetic* 
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In  ft  lattice  beam  the  strength  is  almost  entirely  in  the  top 
and  bottom  members,  and  the  deflection  of  the  beam  arises 
from  the  alteration  in  length  which  those  members  suffer  by 
their  respective  strains : — in  the  case  of  a  beam  supported  at 
the  ends  and  loaded  in  the  centre,  the  top  snffers  a  cmshiug 
strain  and  becomes  shorter,  while  the  bottom  bears  a  tensile 
strain  and  becomes  longer.  If  we  know  the  respective  strains 
we  may  calculate  the  corresponding  extension  and  compression 
-—and  knowing  these  we  can  calculate  the  deflection  of  tho 
beam.  Let  A  in  Fig.  188  be  a  beam  deflected  by  a  transverse 
strain  to  the  form  shown : — ^for  ordinary  cases  in  pi-actioe  in 
which  the  deflections  are  very  small  compared  to  the  length  of 
the  beam,  we  may  admit  that  the  difference  in  length  of  the 
top  and  bottom  members  arising  from  the  deflection  is  equal  to 
the  sum  of  B  and  C,  and  knowing  one,  say  C,  we  may  calculate 
O,  F,  which  is  greater  than  0  in  the  ratio  of  D,  6  to  D,  ES,  or  in 
otiier  words  the  ratio  of  half  the  length  of  the  beam  to  its 
depth,  D,  F  being  perpendicular  to  D,  E  and  a  tangent  to  the 
curve  D,  H  at  the  point  D.  Having  thus  found  6,  F,  we  may 
easily  calculate  G,  H,  or  the  deflection  required,  for  the  curve  of 
the  beam  approximates  to  a  parabola,  and  it  is  a  principle  that 
the  height  of  a  parabola  J,  E  in  Fig.  189,  is  always  half  thu 
distance  J,  L,  L  being  the  point  in  the  axis  where  a  tangent  to 
the  base  of  the  parabola  at  M,  cuts  tho  axis.  Betuming  to 
Fig.  188  we  thus  find  that  the  deflection  sought,  G,  H,  is  equal 
to  half  the  distance  G,  F. 

(681.)  The  application  of  all  this  will  be  best  illustrated  by 
a  case  in  practice  worked  out  in  detail.  We  will  take  the  case 
in  (446)  of  a  lattice  girder,  Fig.  155,  32  feet  between  supports, 
loaded  in  the  centre  with  4  tons,  the  section  being  as  shown  by 
Fig.  141,  the  top  is  formed  by  two  angle-irons  4  x  2^  x  |, 
whose  united  area  =  6  square  inches,  the  rail  B  gives  1*6 
square  inches  more,  making  the  total  area  of  the  top  =  7*6 
square  inches.  The  bottom,  formed  of  two  angle-irons 
2^  X  2^  X  ^9  has  an  area  of  4* 5  square  inches. 

(682.)  In  calculating  the  deflection  from  these  data,  we  have 
first  to  find  the  strains  on  the  top  and  bottom  members  of  the 
girder ;  these  are  equal  to  one  another  in  all  cases,  but  aro  not 
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uniform  from  end  to  end.  Fig.  155  shows  that  the  strain  is  ft 
maximum  at  the  centre  and  dinunishes  to  nothing  at  the  snp« 
ports,  in  an  arithmetical  ratio.  The  sum  of  all  the  strains  in 
the  top  or  bottom  is  128  tons,  and  the  number  of  bays  being  16, 
we  obtain  128  -r  16  =r  8  tons  as  the  mean  strain  from  end  to 
end.  The  same  result  may  be  attained  thus: — 4  tons  in  the 
centre  is  equal  to  2  tons  on  each  support,  the  half-length  of  the 
beam  being  16  feet  and  the  depth  2  feet,  the  maximum  central 
strain  is  2  X  16  ~  2  =  16  tons,  and  the  mean  strain  from  end 
to  end  16-7-2  =  8  tons,  as  before. 

(683.)  Now,  this  strain  has  in  the  case  of  the  top  to  be  borne 
by  7*6  square  inches,  hence  it  is  equal  to  8  -f-  7*6  =  1*05  ton 
per  square  inch  compressive  strain,  and  the  length  of  the  bar 
being  384  inches,  and  the  compression  *  0001  por  ton  by  coL  4 
of  Table  98,  we  have  0001  X  1 '05  X  384  =  -04032  inch  as  the 
reduction  in  length  of  the  top  due  to  the  compressive  strain. 
Then,  in  the  bottom  flange,  4*5  square  inches  bear  8  tons,  or 
8  -7-  4*5  =  1*78  ton  per  square  inch ;  by  col.  6  of  Table  96 
the  extension  is  *  00008  per  ton,  hence  we  get  *  00008  X  1  *  78 
X  384  =  *  05468  inch  as  the  extension  of  the  bottom  by  tensile 
strain.  Adding  these  together,  we  obtain  *  04032  H-  *  05468 
=  *  095  inch  for  the  difference  in  the  length  of  the  top  and 
bottom  arising  from  the  strains  on  them,  or  the  sum  of  B  and  G 
in  Fig.  188,  and  as  these  are  equal  to  one  another,  and  we 
require  only  one  (say  C),  we  have  *  095  -2-  2  =  •  0475  =  C, 
from  which  we  get  G,  F  =  -0475  x  192-r-23  =  -392  inch, 
and  hence  G,  H,  or  the  deflection  sought,  will  be  *  392  -7-  2 
=  '196  inch.  The  experimental  deflection  of  a  girder  with 
these  proportions  and  load  was  roughly  measured  as  ^  inch  bare. 
It  will  be  observed  that  the  effective  depth  of  the  girder  is  the 
distance  between  the  centres  of  gravity  of  the  top  and  bottom 
angle-irons  (449),  and  is  taken  in  the  above  at  23  inches,  the 
half-length  of  the  girder  being  192  inches. 

(684.)  *' Deflection  of  Tubular  BridgeB.*"— The  approximate 
method  we  have  explained  and  illustrated  is  not  intended  to 
supersede  more  precise  modes  of  calculation,  such  as  large  and 
important  works  may  demand,  still  we  may  obtain  by  it  mode- 
rately correct  results.   We  will  take  the  case  of  the  well-known 
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Conway  Tube,  400  feet  between  supports,  the  experimental 
deflection  of  which  was  8*05  inches  with  301  tons  near  the 
centre.  The  depth  at  the  centre  of  effort  or  the  centre  of  gravity 
of  the  cells  (449)  was  22^:  feet  at  the  middle,  and  20 J  feet  at  tho 
ends,  the  mean  being  21^  feet  The  area  at  the  top  was  611, 
and  at  the  bottom  460  square  inches  (taking  a  mean  between 
the  central  and  end  areas).  Then  801  tons  in  the  centre 
=  150  5  tons  on  each  support,  hence  we  have  150  *  5  x  200 
-T-21'5  =  1400  tons  central  maTimum  strain,  or  1400  4-2 
=  700  tons  mean  strain  from  end  to  end  on  both  top  and 
bottom.  This  is  equal  to  700  4-  460  =  1  *  525  ton  per  square 
inch  tensile,  and  700  -4-614  =  1  *  14  ton  per  square  inch  com- 
pressive strain.  The  extension  will  then  be  *  00008  x  1  *  525 
X  4800  =  *5846  inch,  and  the  compression  *0001  x  1*14 
X  4800  =  -5472  inch.     The  sum  of  the  two  (B  +  C   in 

Fig.  188)  is  •5846+-5472  =  l-1318  inch,  hence  C  =  1-1318 -f- 
2=  -6659  inch,  G,  F=  -6659  x 200-^20 -75 =5-  454  inches,  and 
G,  H,  or  the  deflection  sought,  5*454  4-  2  =  2-727  inches, 
which  is  3*05  —  2*727  =  *323  inch  less  than  by  experiment. 

(685.)  «  Defleciian  ofPlate-iran  6Wrder»."— The  deflections  of 
plate-iron  beams  may  be  calculated  on  the  same  principles  as 
those  of  lattice  girders.  We  will  take  the  case  of  a  beam  ex- 
perimented upon  by  Mr.  Fairbaim,  and  shown  in  section  by 
Fig.  133,  the  length  between  supports  was  20  feet,  and  tho 
deflection  with  8  tons  in  the  centre  was  0*  17  inch.  With  8  tons 
in  the  centre  we  have  1 '  5  ton  on  each  support,  and  the  effective 
depth  (449),  or  the  distance  between  the  centres  of  gravity  of 
its  top  and  bottom  members  being  14*5  inches,  the  maximum 
central  strain  becomes  1*5  X  120  -7-  14*5  =  12*4  tons,  or 
6  *  2  tons  mean  strain  from  end  to  end.  The  area  of  the  top  was 
4-55  square  inches,  hence  we  have  6*2-7-4*55  =  1*862  ton 
per  square  inch,  the  compression  due  to  which  is  -  0001  x  1  *362 
X  240  =  *0327  inch.  The  area  of  the  bottom  flange  being 
2*4  square  inches,  we  get  6*2  -J-  2*4  =  2*584  tons  per  square 
inch,  and  the  extension  * 00008  x  2*584  x  240  =  *0496  inch. 
The  sum  of  the  two  is  -0327  +  *0496  =  -0823  inch,  and  tho 
deflection  (* 0823  x  120) -7- (14 -5  X  4)  =  -17  inch,  or  precisely 
as  by  experiment 
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In  order  to  facilitate  calculation,  we  may  pot  the  preceding 
analytical  method  into  the  form  of  a  Bole,  which  becomes : — 

/^o.x    ^      WxPx-000001563    .   Wxi'X -00000125 
(686.)    8= ^-^^ + ^jr— ^ 

In  which  A  =  gross  area  of  the  top  in  square  inches. 
B  =     yy     area  of  the  bottom  in       „ 
{  =  length  of  the  beam  between  supports  in  inches. 
d  =  effective  depth  (between  centres  of  gravity)  in 

inches. 
W  =  Weight  in  centre  in  tons. 
S  =  Deflection  in  inches. 

Thus,  taking  the  case  of  the  girder  in  the  last  example,  we 
have 

8  X  240»  x^000001568      8_x  240»  x  -00000125 
14-5»xi-55"       ■*■         U-5»x2-4 

=  •  17  inch,  as  before. 

(687.)  By  this  rule  col.  6  in  Table  76  has  been  calculated. 
The  deflection  of  any  of  the  girders  in  that  Table,  with  any 
weight  loss  than  Jrd  of  the  breaking  weight,  may  be  found  by 
liule  (674),  namely,  by  multiplying  col.  6  or  7  by  the  cube  of 
the  length  in  feet  between  supports,  and  by  the  given  weight  in 
tons.  Thus,  for  Fig.  105,  say  20  feet  long,  with  20  tons  spread 
all  over,  will  deflect  -000001931  x  8000  X  20  =  -309  inch. 
With  the  same  weight  in  the  centre  the  deflection  would  be 
•00000309  X  8000  x  20  =  -4944  inch,  &o.  It  should  be 
observed  that  this  rule  supposes  the  girder  to  be  of  uniform 
sectional  area  and  depth  from  end  to  end,  and  any  departure 
from  those  conditions  must  be  allowed  for. 

DEFKOT  OF  SLASTICITT  IN  BEAMS. 

(688.)  We  have  so  far  assumed  that  beams  are  perfectly 
elastic,  that  is  to  say  that  the  deflection  is  simply  and  exactly 
proportional  to  the  weights.  But  if  the  successive  deflections 
of  a  bar,  say  of  cast  iron,  with  equal  increments  of  weight,  be 
very  carefully  observed,  it  will  be  found  that  every  successive 
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weight  prodaces  a  greater  deflection  than  the  one  preceding, 
and  that  the  departures  from  nniformity  increase  nearly  as  the 
squares  of  the  weight  applied.  This  is  shown  clearly  by 
Table  111,  where  the  load  is  divided  into  20  parts,  and  the 
Baiio  of  the  deflections  of  Oast-iron  beams  is  given  by  col.  2, 
while  those  of  Timber  are  given  in  col.  6.  These  Batios  were 
obtained  by  a  Diagram  (Fig.  216),  in  which  the  experimental 
deflections  were  plotted,  and  the  irregularities  equalized  by  a 
curve.  In  cols.  8  and  7  the  deflections  are  assumed  as  sup- 
posed to  be  due  with  perfect  elasticity,  and  in  cols.  4  and  8  the 
defect  of  elasticity  is  given  on  the  hypothesis  that  it  varies  as 
W^.  We  have  thus  obtained  cols.  5  and  9,  comparing  which 
with  cols.  2  and  6  they  will  be  found  to  agree  very  well  up  to 
about  half  the  breaking  load,  beyond  which  they  become 
irregular.  This,  however,  is  unimportant,  as  in  practice  beams 
of  Cast  iron  are  seldom  loaded  above  ^  and  Timber  ones  ^  or 
^th  of  the  breaking  weight. 

The  effect  of  defect  of  elasticity  is  shown  by  Table  108  also ; 
with  perfect  elasticity  the  deflections  would  have  been  simply 
proportional  to  the  load,  as  in  col.  7,  but  col.  4  shows  that  they 
increase  more  rapidly  than  the  weights  throughout.  But,  with 
loads  not  exceeding  ^rd  of  the  breaking  weight,  the  departures 
from  tmiformity  are  not  great,  and  within  that  limit,  the 
ordinary  rules  are  correct  enough  for  practical  purposes; 
where,  however,  great  exactness  is  necessary,  they  require  cor- 
rection. For  a  bar  1  inch  square  and  1  foot  long  we  have  the 
Rule: — 

(689.)    t  =  (-00002397  x  W)  -h  (-000000006827  x  W). 

In  which  W  »  the  weight  in  centre  in  lbs.,  and  $  =  deflection 
in  inches. 

Thus,  the  mean  strength  of  British  Cast  iron  by  col.  7  of 
Table  64  is  2063  lbs.  breaking  weight,  and  by  col.  8  the  mean 
deflection  =  -0785  inch.  With  J  of  that  weight,  or  687-6  lbs., 
the  deflection  by  col.  11  =  *  01971  inch. 

By  rule  (689)  we  get  with  2063  lbs.,  J  =  (00002397  x  2063) 
+  ( -000000006827  X  2063«)  =  -0786  inch,  and  with  687-6  lbs., 
t  »  (-00002397  X  687-6)  +  (-000000006827  x  687  •6*)  = 
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Tablb  111, — Of  the  Ratios  of  Dbflectiok  in  Beams  of  Cast  Ibov 

and  Timber. 


Cast  Iron. 

Timber. 

Ratio 

of 

Load. 

W. 

Ratio 

Of 

Defleo- 
Uon. 

Perfect 
Elas- 
ticity. 

Defect       Galcu- 
of           luted 
Elaaticity    l>eflec- 
aa  W».        tlon. 

Ratio 

of 
IV  flec- 
tion. 

Peiftct     ^/f* 

S^     Elasticity 
"^*^-       as  W». 

Galea- 
lated 

Inflec- 
tion. 

•05 

•1 

•15 

•2 

*25 

•3 

•35 

•4 

•45 

•5 

•55 

•6 

•65 

•7 

•75 

•8 
•85 
•9 
•95 
1-00 

0) 

•0278 
•0578 
•0888 
•1210 
•1546 

•1898 
•2268 
•2658 
•3070 
•3506 

•3968 
•4458 
•4978 
•5530 
•6117 

•6744 
♦7421 
•8163 
•9000 
1^0000 

•0270  +  -0008  =  ^0278 
•0540  +  ^0032  =  ^0572 
•0810  +  ^0072  =  ^0882 
•1080+  -0128=  ^1208 
•1350+  -0200-  ^1550 

•1620+  -0288=  ^1908 
•1890+  -0392=    2282 
•2160+  -0512=  -2672 
•2430+  -0648=  -3078 
•2700+  ^0800=  -3500 

•2970  +  -0968  =  -3938 
•8240+  '1152=  ^4392 
•3510+  -1352=  ^4862 
•3780+  -1568=  -5348 
•4050+  ^1800=  ^5850 

•4320  +  ^2048  =  •6368 
•4590  +  -2312  =  •6902 
•4860+  -2592=  ^7452 
•5130+  -2888  «  -8018 
•5400+  -3200=  ^8600 

(3)            (4)             (6) 

1' 

-0248 

0A02 

•0766 

•1038 

1320 

1613 
1918 
2236 
2568 
2915 

3278 
3658 
4053 
4470 
4907 

5365 
'5845 
•6450 
•7360 
•000 

(e) 

•0247  +  ^0004  = 
•0494+  0018  = 
•0741  +  -0040  = 
•0988  +  •OO?!  = 
•1235+    0111  = 

•1482  +  •OlOO  = 
•1729+  -0218  = 
•1976+  -0285  = 
•2223  +  ^0360  = 
•2470  +  ^0445  = 

•2717  +  ^0538  = 
•2964  +  -0641  = 
•3211  +  -0752  = 
•3458+  -0872  = 
•8705+  •lOOl  = 

•3952+  ^1140  = 
•4199+  •1286  = 
•4446+  ^1442  = 
•4693+  -1606  = 
•4940+  •1780  = 

:  ^0251 
=  -0512 
:  ^0781 
=  ^1059 
=  ^1346 

=  -1612 
=  -1947 
=  -2261 
=  -2583 
:  ^2915 

:  -3255 
=  -3605 
:  •3963 
=  •4330 
=  ^4706 

=  ^5092 
=  ^5485 
:  -5888 
:  -6299 
=  •67-20 

*  01971  inoli,  or  precisely  the  same  as  the  experimental  results. 
Thns,  while  the  loads  are  in  the  ratio  1  to  8^  the  deflections  are 
in-  the  ratio  1  to  '0785  -r-  "01971  =  8'988,  or  nearly  1  to  4. 

With  any  other  dimensions  for  rectangular  bars  we  have  the 
Rule:— 

(690-) 

,  _  /W-i-«xL»X  •00002397\   .    /  (W+z^xL^x  •000000006827\ 

'•V d^^ ;"*"V  d*x6« /• 

In  which  L  s=  length  between  snpportSi  in  feet ;  d  =  depth  in 
inches ;  h  =  breadth  in  inches ;  and  z  =  the  constant  for  the 
thickness  of  metal,  as  in  (934)  and  col.  7  of  Table  18. 
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By  this  rule  coL  5  of  Table  108  has  been  calculated.  Taking 
the  weight  W  in  tons,  and  the  rest  as  before^  the  Rule  be- 
comes : — 

(691.) 

W-i- jr  xL»  X  -05369 \   ,  /(W-t-Q'x  L*  X    03426 \ 
cPxb  )'^\  rf*ir^  /• 

(692.)  ^WrougM  Iron."— The  elasticity  of  wrought  iron  is 
very  much  more  perfect  than  that  of  cast  iron,  as  we  found  by 
its  behaviour  under  tensile  (620)  and  compressiye  strains  (626). 
Table  106  shows  the  same  result  under  transverse  strains,  the 
deflection  in  cols.  2,  2,  2,  2  being  nearly  in  the  simple  ratio  of 
the  weights  up  to  the  ^*  limit  of  Elasticity,"  or  half  the  breaking- 
down  load  (see  Table  67).  We  may  therefore  admit  that  cer- 
tainly within  that  limit  the  deflections  are  given  accurately  by 
the  Rules. 

Table  lid.— Of  the  Dbflbction,  &c.,  of  Two  Bra  us  of  American 
Red  Pine,  12  inches  square,  15  feet  l(»tig. 


DeflectkNL 

Mndolns  of 

Elasticity: 

Lbe.£D. 

Central 
Weight. 

Deflection. 

Modulus  of 
Ela.->Ucity : 

Cratna 
Wdght. 

By 

Experi- 
ment. 

By 

Oilcia- 
latlun. 

By 

Experi- 
meut. 

By 

CalcD- 
lation. 

Ibi. 

8,653 

5,815 

8,374 

10,213 

17,472 

22,488 
24,394 
26,527 
28,370 
80,610 

81,651 
82,800 
83,000 
83,186* 

-15 
•25 
-40 
•50 
•90 

1-20 
137 
1-50 
1-70 
2-20 

2-70 
8-80 
3-45 
400 

(3) 

•1582 
•2518 
•3627 
•4419 

•7567 

•9737 
1057 
1-149 
1-229 
1-326 

1-871 
1-421 
1-430 
1-437 

(3) 

1,712,350 
1,615,480 
1,472,000 
1,434,800 
1,365,000 

1,317,870 
1,252,000 
1,243,470 
1,173,400 
978,300 

821,620 
698,868 
672,558 
583,350 

Ib0. 

5,436 

8,428 

9,604 

17,785 

22,848 

24,080 

26,600 

28,058 

28,812t 

29,646» 

-25 

•50 

•57 

110 

1-52 

1-67 
200 
2-25 
2-50 
2-97 
(«) 

•2354 
•3650 
•4160 
•7703 
•9896 

1043 
1-152 
1-215 
1-248 
1-284 

1,528,880 
1,185,200 
1,184,710 
1,136,830 
1,056,910 

1,013,740 
935,100 
876,700 
810,340 
701,700 

(8) 

—  BreakiD 
f  Oradua] 

g  Weigh 
ilySiukiz 

to. 
ur. 

0) 

•©• 

But  with  strains  beyond  that  limit  defect  of  elasticity  mani- 
fests itself  yery  clearly,  as  shown  by  ooL  4  of  Tablo  70,    Thus, 
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taking  Mt  «  2000  lbs.  from  coL  5  of  Table  66,  Rtde  (324)  gtres 
W  =  li*  X  li  X  2000  -f-  (3  X  112)  =  20  cwt.  as  tho  "  limit  of 
Elasticity,"  np  to  which  point,  by  coL  4  of  Table  70,  the  do- 
flections  are  nearly  as  calcalated  for  perfect  Elasticity;  but 
with  heayier  strains  the  Batio  progressively  rises,  becoming 
finally  as  much  as  18*13  with  the  breaking-down  load. 

"  Sted** — ^The  transverse  elasticity  of  Steel  is  more  perfect 
than  even  that  of  wrought  iron,  as  shown  by  Table  107,  the 
deflections  being  simply  proportional  to  the  load,  and  there- 
fore the  Modulus  of  Elasticity  constant  up  to  the  ^  limit  of 
Elasticity,'*  or  f  ths  of  the  Breaking-down  load. 

"  Tiwher** — Timber  beams  have  very  imperfect  elasticities, 
as  shown  by  ools.  4,  8,  in  Table  112,  the  value  of  the  Modulus 
of  Elasticity  fedling  off  regularly  as  the  load  is  increased.  The 
constants  for  the  deflection  of  Timber  in  col.  4  of  Table  105 
were  for  the  most  part  obtained  with  ^rd  to  ^th  of  the  breaking 
weights,  and  the  Bules  (658),  &0.,  will  be  correct  enough  for 
practice  within  those  limits. 

DETLEOTIOK  WITH  SATB  LOAD. 

(698.)  It  is  usual  in  practice  to  make  the  Working  or  Safe 
load  on  beams  a  certain  Standard  fraction  of  the  breaking  weight 
by  the  use  of  a  *'  Factor  of  Safety  "  (880) :  in  that  case,  the 
ordinary  Bules  (658),  &c.,  admit  of  certain  modifications  by 
which  calculations  of  the  deflection  may  be  simplified  very  con- 
siderably. 

By  Bule  (659)  it  is  shown  that  the  deflection  of  a  rectangular 

W  X  li* 
beam  of  any  material  is  proportional  to  :  now  if  with 

the  same  beam  we  take  lengths  in  the  ratio  1, 2, 3,  &c.,  obviously 
the  transverse  strengths,  or  the  load  W,  would  vary  in  inverse 
ratio  to  those  lengths,  becoming  1,  ^,  ^,  (&c.,  and  with  these 
weights  the  deflections  (being  =  to  W  X  L')  become  1x1' 
^1-0;  J  X  2»  =  4 ;  J  X  3»  =  9,  &C.,  which  are  in  the  direct 
ratio  of  the  square  of  the  lengths. 

Then,  with  depths  d  in  the  ratio  1,  2,  8,  &c.,  W  would  be  in 
the  ratio  of  the  square  of  d,  and  become  1',  2*,  3',  or  1,  4,  9  ; 
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W  1 

the  deflections  being   proportional  to  -^  become  -^  as  1  •  0 ; 

4  9 

05  '  i )    —  =  ^,  &c ;  or  inversely  as  the  depths  simply. 
^  o 

Then  for  breadths  in  the  ratio  I,  2,  8,  &c.,  W  would  vary  in 

the  ratio  1,  2,  3  also,  and  the  deflections  being  proportional  to 

W  1  2  8 

-J--  become  y=  1*0;  ^=  1*0;  ^  =  1*0;  being  the  same  in  all 

cases,  showing  that  the  deflection  with  safe  load  is  independent 
of  the  breadth. 

(694.)  From  all  th's  we  get  the  general  law  that  with  similar 
beams,  all  loaded  in  proportion  to  their  strenjth,  the  deflections 
are  proportional  to  the  square  of  the  length,  divided  by  the 
depth,  and  are  independent  of  the  breadth.  This  is  true  for  all 
sections,  whether  circular,  square,  girder-sections,  &c.,  so  long  as 
the  beams  compared  are  similar  and  are  loaded  to  the  same  extent 
in  proportion  to  their  strength.    We  then  have  the  Bules ; — 

(695.)  J  =  L*  X  C  4-  cJ. 

d  =  L'  X  C  -f-  ^. 

L  =  V5  X  d^O. 

In  which  L  =  length  of  beam  between  supports  in  feet :  d  s= 
the  depth  in  inches :  $  =  deflection  in  inches :  and  0  =  a 
constant  for  the  material,  mode  of  fixing,  loading,  &o. 

These  Bules  may  be  applied  correctly  to  beams  or  girders  of 
all  sections,  whether  parallel  from  end  to  end,  or  with  bellied 
flanges,  also  with  any  mode  of  fixing,  any  method  of  distributing 
the  load,  and  any  material,  so  long  only  as  the  Constant  0  is 
adapted  to  aU  the  circumstances  of  the  case.  The  eflect  of 
defect  of  Elasticity  (688)  is  also  covered  by  these  rules,  because 
the  value  of  C  is  supposed  to  have  been  found  by  experiment 
from  beams  loaded  to  a  certain  degree  in  proportion  to  their 
ultimate  strength,  and  will  therefore  apply  without  correction 
to  all  beams  similarly  loaded,  Ac,  &o, 

(696.)  The  most  useful  values  of  C  are  Og  for  the  Safe  Load, 
and  Ob  for  the  Breaking  Weight,  giving  jg  and  8^  or  the  deflec- 
tions with  Safe  and  Breaking  loads  respectively.  Table  64 
gives  these  values  for  54  varieties  of  British  Oast  iron,  the  mean 
for  0«  being  -01971,  or  say  -02,  by  coL  11 ;  and  for  0,  =  'OTSS 
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by  col.  8.  Table  67  gives,  in  cols.  2  and  4,  the  values  of  Cg  alid 
Cb  for  many  materials,  these  being  in  feu^t  the  deflections  of  a 
bar  1  inch  square  aod  1  foot  long  with  the  Safe  and  Breaking 
Loads  respectively:  in  that  particular  case,  Og  and  Ob  are  identical 
with  $g  and  ^b« 

It  will  be  observed  that  the  values  of  Og  and  Cb  for  the  two 
Standard  cases,  are  not  simply  proportional  to  the  load,  or 
"  Factor  of  Safety."  In  Table  67,  col.  7  gives  the  Factor  of 
Safety,  and  col.  8  the  ratios  of  the  deflections  with  Safe  and 
Breaking  loads  respectively:  thus  with  Cast  iron  the  ratio  of 
the  loads  is  3  to  I  by  col.  7,  but  the  ratio  of  the  corresponding 
deflections  is  4  to  1  by  col.  8 :  again  with  Ash,  the  ratio  of  the 
Loads  =  5  to  1,  but  the  ratio  of  the  deflections  =  10*7  to  1*0. 

Thus,  a  beam  of  Ash,  say  15  foot  long,  7  inches  deep,  3  inches 
wide,  would  give  for  safe  working  load  by  Bule  (324),  the 
Value  of  Mt  for  safe  load  being  136  lbs.  by  coL  3  of  Table  67, 
W  =  7*  X  3  X  13o  -i-  16  =  1333  lbs.,  the  deflection  with  which 

by  rule  (659)  is  «  =  I.^LA.1333  X^0002_6  ^  ^.^^  ^^^  ^^ 

I     X  o 
flection  with  safe  load.    Now  applying  Bule  (695)  and  taking 
Ob  from  col.  4  of  Table  67  at  -0354,  we  obtain  «b  =  1^*  X  -0354 
-4-7  s  1  •  13  inch  deflection,  as  before :  but  with  the  breaking 
weight  ^b  =  1^'  X  *375  ->  7  =  12  inches  deflection,  <S^ 

Again,  with  a  bar  of  Oast  iron  3  inches  deep,  4  inches  wide, 
and  11  feet  long,  taking  Mt  for  safe  load  =  688  lbs.  from 
coL  10  of  Table  64,  Kule  (324)  gives  W  =  3«  x  4  x  688 
^  11  =  2251  lbs.   Safe  load,   with   which  Bule  (659)  gives 

(696)  we  obtain  much  more  easily  «g=  11"  x  •02  4-3  = 
*8  inch  also.  We  have  here  taken  the  deflection  per  lb.  = 
•00002886  from  coL  6  of  Table  64,  or  col.  4  of  Table  105. 
The  deflection  of  the  same  bar  with  the  Breaking  weight 
becomes  ^b  =  H*  X  -0785  -f-  8  =  8-17  inches. 

But  those  Bules  need  not  be  restricted  to  dg  and  ^bi  ^ut  will 
i^pply  equally  well  to  any  standard  fraction  of  the  breaking 
weight,  so  long  as  the  great  principle  is  maintained,  that  the 
beams  compared  shall  be  loaded  always  in  some  given  and 
constant  proportion  to  their  strength.     Thus  for  Wrought  iroa 
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imd  Steel,  we  found  (874)  (876)  it  convenient  to  take  the 
<<  limit  of  Elasticity ''  and  the  ""  Working  Safe  Load  "  as  data : 
then  putting  d^  and  dg  for  the  deflections  with  those  stnuns,  we 
have  for  Wrought  iron,  the  Hules : — 

(6970  d«=  L*x  •035  4-<?. 

«.  =  L"  X  -0208-1- A 

For  Steel  these  Rules  beccmo : — 

(698.)  5,=  L«x-0802^df. 

8,  =  L*X-0481-rci. 

Thus,  with  a  wrought-iron  bar  2  inches  deep,  4  inches  wide, 
and  12  feet  long,  taking  from  col.  5  of  Table  66,  Mt  =  IBcO  lbs. 
for  the  safe  working  load,  we  hare  by  Rule  (324)  W  =  2*  x  4  x 
1830  -^  12  :=  1773  lbs.,  with  which  the  deflection  by  Rule  (669) 


becomes  $  = 


12»  X  1773  X  -00001666 


=  1-6  inch.    ByRule 


2»x4 
(697)  we  have  ^,  =  12*  x  '0208  -4-  2  =    1-6  inch  also. 

Again :  with  a  Steel  bar  1^  inch  deep,  6  inches  wide,  and 
10  feet  long,  the  load  by  which  the  bar  will  be  strained  to  the 
« limit  of  elasticity  "  will  be  W  =  1^*  X  6  X  6600  -J-  10  = 
6300  lbs.,  with  which  the  deflection  by  Rule  (669)  becomes 
J  ^  10^2^6300  X -00001433^  5.35  j^^j,^     By  Rule  (698) 


ii'  X  6" 


we  obtain  Jg  =  10*  X  -0802  -J-  1*6  =  6-36  inches  also. 

(699.)  When  the  load  is  not  in  the  centre,  and  when  the 
beam  is  not  supported  at  both  ends  as  is  assumed  in  the  ordinary 
rules,  the  case  is  complicated,  but  by  combining  the  data  given 
in  (481)  and  (667)  the  matter  may  be  simplified. 


Sapported  at  enda,  load  in  the  centre . . 

„  „    equally  diatri- 

tribnted        

Built  into  walls,  &c.,  at  both  ends,  loed\ 
in  the  centre       

Bnilt  into  walls,  &o^  at  both  ends,  load\ 
dititribnted 

Fixed  at  one  end,  loaded  at  the  other .. 
„           M        l<^<i   equally  distri- 
buted     


} 


ConsUnt 


0 
0 

0 

0 
0 
0 


R«t!o 

of  Deflec- 

tion. 


10 
I 

I 

82 
12 


Ratio 
ofSttfe 

LOMl. 


Ratfo 

of  Hefleo- 

tion. 


1-0 
2-0 

1-5 

80 

0-25 

0-5 


10 
1-25 

1-0 

1-25 

80 

60 


I 
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Thus,  for  example,  if  the  beam  of  ash  in  (696)  had  been  bailt 
into  walls  at  both  ends,  the  safe  central  load  would  have  been 
1*50,  or  50  per  cent  greater,  but  the  deflection  with  that  in- 
creased load  would  have  been  1  *  0,  or  precisely  as  before. 

Again :  if  the  bar  of  cast  iron  in  (696)  had  been  fixed  at  one 
end,  and  the  9afe  load  had  been  equally  distributed,  that  load 
would  be  0*5,  or  half  only  of  its  former  amount,  but  the  deflec- 
tion with  that  reduced  load  would  be  6  times  greater  than 
bafore,  and  becomes  *8  X  6  =  4*8  inches,  &c. 

(700.)  Again :  say  we  require  an  Oak  Bressummer  to  carry 
the  front  of  a  house,  the  estimated  distributed  load  being 
19  tons  and  the  span  12  feet,  the  ends  being  built  into  the  walls 
in  the  usual  way.  Say  we  try  12  inches  square,  then  by  col.  3 
of  Table  67,  Mt  =  102  lbs.  for  Safe  load:  then  Rule  (321) 
becomes  W  =  12*  x  12  X  102  -:-  12  =  14688  lbs.,  or  6*56 
tons  for  the  ordinary  case  of  a  beam  merely  supported  at  ends 
and  loaded  in  the  centre;  but  by  (481)  in  our  case,  6*56  x  3 
=  19*68  tons  safe  distributed  load,  or  very  nearly  the  actual 
load. 

Then,  for  the  deflection,  Rule  (696)  gives  8  =  12»  x  '04  4- 
12  =  0*48  inches  for  the  deflection  with  safe  load  in  centre, 
which  by  (699)  becomes  -48  X  1*25  =  0*6  inch  deflection, 
when  the  load  is  distributed  and  the  ends  built  in,  as  in  our  case. 
We  have  taken  the  value  of  Cg  =  '04  from  col.  4  of  Table  67. 

(701.)  Although,  as  stated  in  (695),  the  value  of  Cg  should 
strictly  be  adapted  to  the  special  section  of  the  beam,  we  may 
with  moderate  accuracy  apply  the  value  for  simple  rectangular 
beams  to  ordinary  girders,  at  least  where  the  beam  is  parallel. 
But  when  the  flanges  are  bellied,  as  in  Fig.  131,  the  deflections 
are  about  40  per  cent,  greater  than  with  parallel  beams,  as 
shown  by  Mr.  Hodgkinson's  experiments.  For  ordinary  parallel 
girders  of  cast  iron  loaded  to  ^  of  the  Breaking  Weight,  we 
have  the  Rule: — 

(702.)  §g  =  L«x-02^d. 

For  cast-iron  girders  reduced  in  section  progressively  towards 
the  ends,  or  having  bellied  flanges,  as  in  Fig.  181,  the  Rule 
becomes: — 
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(703.)  «i=Lx  •027^cJ. 

Thus,  for  the  large  girders  in  Table  68  and  Fig.  79,  the 
length  being  16  feet  and  the  depth  14  inches,  with  bellied 
flanges,  we  obtain  8^  =  16*  X  '0^7  -r-  14  =  0-4937  inch,  the 
deflection  with  central  safe  load.  The  mean  breaking  weight 
was  38-3  tons,  or  38*3  -f-  3  ==  12-8  tons  Safe  load,  the  nearest 
load  to  which  in  Table  68  is  14  tons,  with  which  the  mean 
deflection  =  -0525  inch;  therefore  -0525  X  12-8  -^  14  = 
0  *  48  inch  with  safe  load  of  12  *  8  tons,  &o.,  or  nearly  as  calca* 
latcd  by  the  Bole. 


CHAPTER  XVn. 

ON  TORSIONAL  XLASTIOITT. 


(704.)  ^Methods  of  Estimating" — There  are  two  ways  of 
measuring  torsional  elasticity.  1st,  by  the  angle  of  torsion  or 
the  nmnber  of  degrees  of  twist,  that  is  to  say,  if  the  whole 
circle  =  360^,  the  amount  of  torsion  would  be  expressed  by 
the  number  of  degrees  of  that  circle  produced  in  a  long  bar  by 
a  torsional  strain.  The  other  and  more  convenient  method  is 
to  express  the  torsional  elasticity  by  the  descent  of  the  end  of 
the  lever  by  which  the  twisting  weight  is  applied  ;  this  method 
is  applicable  to  those  oases  only  where  the  angle  of  torsion  is 
small,  but  as  this  is  always  the  fact  in  practice,  this  is  no 
objection. 

(706).  It  is  necessary  to  observe  that  in  this  method  of 
estimating  torsional  elasticity,  the  descent  of  the  straining 
weight  is  proportional  to  the  square  of  the  length  of  the  lever ; 
thus  in  Fig.  173,  we  have  a  constant  weight  =  1,  acting  with 
leverages  in  tha  ratio  1,  2,  3,  it  will  therefore  strain  the  bar  D 
in  those  same  ratios,  and  the  descent  of  the  lever  measured  at  E 
will  be  1,  2,  3  also,  but  measured  at  the  points  of  application  of 
the  weight,  as  in  our  case,  we  obtain  1,  4,  9  for  the  ratios  of 
the  descent  of  the  weight  as  in  the  figure,  or  in  the  ratios  of  the 
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square  of  the  length  of  leyer  for  1\  2*,  8',  =  1,  4,  and  9 
respectively. 

"Latos  of  Torsional  Elasticity** — ^The  fdndamental  laws  as 
determined  by  mathematicians  may  be  expressed  by  the  BuloB : — 

For  Circular  Sections  : — 

(706.)  T^   L'xZxWx2 


8U16xB*X  M/ 

/•7n7\  M        W  X  L'  X  /  X  2 

{1{)7.)  M<-  3 -1416  xR*xT* 

For  Square  Sections, 

(708.)  T  -  8*  X  M, 

(709.)  M,  = g4^  T • 

For  Bectangular  Sections, 

(71U.)  1  _  d>  X  6»  X  M« 

(711.)        M.  =  WxL«x8x(^  +  6»)xl^ 

In  which  R  =  radius  of  circular  sections  in  inches:  8  sv 
side  of  square :  d  and  b  =  depth  and  breadth  of  rectangular 
sections :  L  =  leverage  in  inches  by  which  the  weight  W  in 
pounds  acts  in  twisting  the  bar :  I  =  the  length  of  bar  twisted 
in  inches:  M|  =  Multiplier  for  torsional  elasticity  derived 
from  experiment :  and  T  =  the  elastic  torsion  measured  by  the 
descent  of  the  weight  in  inches. 

By  Mr.  Bevan's  experiments,  the  mean  yalue  ci  M|  for  cast 
iron  =  5,709,600  lbs. :  wrought  iron  and  steel  were  nearly  equal 
to  each  other ;  a  mean  ^m  eight  experiments  on  wrought  iron 
and  three  on  steel  gave  M|  =  10,674,540  lbs. 

To  determine  the  value  of  Mp  say  we  find  by  experiment 
with  a  4-inch  round  bar  of  cast  iron  60  inches  long,  with 
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\f  =:  6000  lbs ,  and  I4  s  24  incheB,  that  T,  or  the  descent  of 
the  weight  =  1  •  206  inch,  then  bj  Bale  (707), 

^   _  6000  X  24^  X  60  X  2       6000x676  x60x  2 
"^«  "  3-1416  X  2*  X  1-206  ^'  3-1416  X  16  x  1-206 

ss  6  J01,000,  Uie  value  of  M^  in  that  case. 

(712.)  "  Batio  of  Stiffness  of  Bouiid  and  Square  Bar«."— Com- 

paring  mles  (707)  and  (709)  we  can  find  a  general  ratio  for 

the  torsional  stiffiiess  of  ronnd  and  square  bars:  thus,  for 

4  inches  diameter,  B  =   2,  and  by  Bnle  (707)  we  obtain 
2 

8-1416 2*""  *^^^^^-     ^^^  *  4-inch  square  bar,  Bole  (709) 


6 


gives  - 


or 


256 


=  -02344;  hence  we  have  -03979  -7-  -02844 


1  -  7  to  1  -  0  =  the  ratio  of  the  stiffiiess  of  square  and  round 
Table  118. — Of  Tobsional  Elasticity. 


Material, 

Value  of  Gt. 

Material. 

Value  of  Gr- 

Lbs. 

C«i8. 

IM, 

Cwts. 

Wrooght  Iron    and\ 
Steel / 

606 

5-41 

Hornbeam    . .     • . 

900 

•081 

Lancewood   ..     .. 

8^60 

•077 

Gist  Iron        . .     . . 

824 

2-90 

Larch 

G-4C 

•058 

Alder      

5-53 

•049 

Lime-tree     . .     , . 

6-23 

•056 

Aah 

6-91 

•062 

Oak,  English 

6-81 

•061 

Apple-tree     •  •     •  • 

6-95 

•062 

Oak,  Dantzic 

5^62 

-050 

Beech      

7. 23 

•065 

P«  ar-tree      . ,     . . 

6-18 

•055 

Brch       

5-88 

•052* 

Pine,  Memel 

511 

•046 

Boxwood 

10  00 

•090 

Pine,  American    ,. 

502 

•045 

Brazil-wood    . .     . . 

12-50 

•112 

Plane-tree    . .     • . 

600 

•054 

Chestnut  (Horse)  . . 

7-56 

•067 

Sycamore      •  •     •  • 

7  80 

070 

Deal 

8-82 

•034 

Teak      

9-80 

083 

Elm 

4-60 

•041 

Walnut 

6-72 

•060 

Fir,  Scotch     . .     . , 

4*68 

-042 

bars.  It  is  shown  in  (552)  that  the  ratio  of  torsional  strength 
of  square  and  round  bars  is  theoreticaUj  1-2  to  1*0;  but  bj 
exporiment  1-6  to  1*0. 

**  Practical  Bules,*' — The  theoretical  Rules  may  be  put  in 
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more  convenient  form  for  practical  use  on  the  large  scale ;  thej 
then  hecome : — 
(713.)  For  Cironlar  sections: — 

-      UxlxW 
D*  X  0, 

(714.)  For  Square  sections:— 

UxlxW 


T  = 


S*x  Ct  X  1-7 
(715.)  For  Bectangular  sections : — 

^  L'x^x((P+6^X  W^ 
<f  X  6'x  Ct  X  3-4 

In  which  D  =  diameter  in  circular  sections  in  inches :  8  s  side 
of  square  in  inches :  d  and  5  =  depth  and  breadth  of  rectangular 
sections  in  inches :  I  =  length  of  bar  twisted  in  feet :  L  = 
leyerage  in  feet  with  which  the  weight  W,  in  lbs.  or  cwts.,  &e., 
acts  in  twisting  the  bar:  T  s  the  descent  of  the  weight  in 
inches,  due  to  the  twisting  of  the  bar:  and  Ot  =:  a  Constant 
from  experiment,  the  value  of  which  is  given  bj  Table  113  as 
reduced  from  the  results  obtained  bj  Mr.  Bevan. 

To   find    the    value   of    Gt   from    experiment,   the    Bul&s 
become : — 

(716.)  For  Circular  sections:— 

^       L"  X  »  X  W 
C»=      D*xT     • 

(717.)  For  Square  sections : — 

L"  X  i  X  W 


0,= 


8*xT  X  1-7 
(718.)  For  Rectangular  sections : — 

L'xlx(d^  +  V)xW 

^"^     d'xVxTxS^lT"' 

(719.)  We  may  now  give  some  illustrations  of  the  application 
of  the  Bules:  say  we  take  the  bar  considered  before  (711),  in 
which  D  «  4;  2  =:s  5  feet;  L  =  2  feet;  and  W  :=  5000  lbs. 
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Taking  the  yalne  of  Ct  at  824  from  Table  113,  Rule  (713) 
.  _      2*  X  5  X  5000  _  4  X  5  X  5000       ,  oac  •    i. 

^^^'^  =  4^  X  824  ^'-256^324  =  ^'^^^  "^^^' 
the  descent  of  the  lever  and  weight  due  to  the  twist 

For  a  square  bar  of  the  same  dimensions,  Bule  (714)  becomes^ 

"^  =  25^6x^324  xT-7  "  '^^^  ^'^-  ^^  *'»'^'*  ****^  "»« 
same  result  if  wo  applied  to  this  bar  the  mle  for  rectangular 
sections,  for  obviously  a  square  bar  may  be  regarded  as  a 
rectangular    one  with  equal    sides:    then   Eule  (715)  gives 

_         4   X   6   X  (16  +  16)   X   5000  rrr^a-      u  v   r 

^=      64  X  64  X  824  X  3>4      ^  '709  inch,  as  before. 

Again:  say  we  have  a  Deal  Plank  8  X  11  inches,  12  feet 
long,  twisted  by  2  cwt.,  with  a  lever  8  feet  long.  Then  taking 
Ot  from  Table  118  at  '084,  Rule  (715)  becomes 

^       8^  X  12  X  (11'  +  3^  X  2       ^  rr^.    ^ 

T  =  -m — OS       f^oA — -nr  =  ^'76  inches, 
11*  X  3'  X  '034  X  3*4  ^ 

the  descent  of  the  lever  and  weight. 

(720.)  Table  113  shows  that  there  are  very  great  differences 
in  the  Torsional  stiffness  of  Materials :  thus  wrought  iron  has 
no  less  than  606-7-8*82  =  158  times  the  8ti£fhess  of  DeaL 
This  is  the  more  remarkable  because  by  (571)  and  Table  84, 
the  Torsional  gtrength  of  say  Yellow  Pine  and  Wrought  iron 
are  in  the  ratio  10580-^828  =  82*25  to  1*0  only.  Again: 
the  Transverse  stiffness  of  say  Memel  Fir  and  wrought  iron 
are  by  col.  4  of  Table  105,  in  the  ratio  *  0002228  -f-  *  00001565 
m  13*5  to  1*0  only;  whereas,  as  we  have  seen,  the  Torsional 
stiffness  is  158  to  1*0.  This  shows  that  wood  is  not  adapted 
for  torsional  strains,  at  least  for  cases  where  stiffiiess  is 
required. 

The  Table  118  shows,  also,  that  the  torsional  stiffiiess  of 
Wrought  iron  and  Steel  are  equal  to  one  another,  although,  as 
shown  in  (571),  the  torsional  strengths  are  in  the  ratio  of  2  to  8« 
The  stiffness  of  wrought  and  cast  iron  is  about  2  to  1. 
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CHAPTEB  XVm. 

on  the  modulus  of  ELASnOITT. 

(721.)  "  General  Prtnctpic«."— The  Modulus  of  Elasticity  is 
the  tensile  force  that  would  stretch  a  bar  to  double  its  primitive 
length,  and  is  usually  expressed  in  pounds  per  square  inch  of 
area  of  the  bar.  Say  we  had  a  bar  10  inches  long  of  some  yery 
elastic  material,  which  stretches  1  inch  by  20  lbs.  per  square 
inch ;  then  obyionsly,  to  stretch  it  10  inches,  and  thereby 
double  the  original  length,  we  require  200  lbs.  per  square  inch, 
which  is,  therefore,  the  Modulus  of  Elasticity  for  that  materiaL 
It  is  here  assumed  that  the  elasticity  is  perfect,  or  that  the 
extensions  would  be  exactly  proportional  to  the  strain  through* 
out,  which  would  not  be  strictly  true  with  any  known  material : — 
moreover,  it  is  assumed  that  the  bar  would  bear  stretching  to 
double  its  original  length  without  rupture,  which  is  true  with 
very  few  materials.  The  expression  "  Modulus  of  Elasticity  " 
must  be  regarded  as  a  conventional  one,  adopted  for  convenience 
of  calculation,  rather  than  as  a  statement  of  fact;  thus,  as 
applied  to  the  bar  we  have  just  considered,  it  means  that  within 
certain  limits  and  with  moderate  strains,  the  bar  would  stretch 
yj^th  of  its  length  for  each  pound  per  square  inch,  tensile 
strain. 

(722.)  The  Modulus  of  Elasticity  may  also  be  found  from  the 
shortening  which  a  bar  experiences  by  a  Compressive  strain, 
and  is  in  that  case  the  weight  in  pounds  per  square  inch  capable, 
iheareiically,  of  reducing  the  length  of  the  bar  to  nothing.  Thus 
taking  the  sam&  bar  as  before,  say  that  a  compressive  strain  of 
20  lbs,  per  square  inch  on  the  bar  10  inches  long  was  found  by 
experiment  to  shorten  it  one  inch,  or  to  reduce  its  length  to 
9  inches.  Then  evidently  we  require  200  lbs.  per  square  inch 
to  shorten  it  10  inches,  or  to  reduce  its  length  to  noUiing^  which 
again  is,  of  course,  not  a  statement  of  fact. 

(723.)  The  Modulus  of  Elasticity  may  also  be  found  from  the 
deflection  of  a  beam  strained  transversely  by  a  known  weight. 
It  is  well  known  that,  with  a  beam  supported  at  the  two  ends 
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and  loaded  in  the  centre,  the  weight  generates  a  tensile  strain 
on  the  lower  fibres  of  the  beam,  which  stretch  and  become  longer 
than  before.  Similarly,  a  compressive  strain  is  generated  at 
the  upper  part  of  the  section,  which  thereby  becomes  shorter  than 
before.  The  combined  effect  of  both  is  that  the  beam  originally 
straight  becomes  carved  or  deflects,  and  we  may  then  find  the 
Modulus  of  Elasticity  by  the  rule : — 

w  X  r 

(724)  E  =         '^  "^  * 


4LXb  X  d^  X  B 


In  which  E  =  the  Modulus  of  Elasticity  in  pounds  per  square 

inch. 
b  s=  breadth  of  rectangular  bar,  in  inches* 

d  =  depth  „  »»     .     »» 

I  =  length  between  supports,  in  inches. 
B  =  deflection,  in  inches. 
IP  SE  weight  in  pounds  producing  that  deflection. 

This  rule  assumes  that  the  material  resists  extension  and 
compression  with  equal  energy,  or  that  the  Modulus  of  Exten- 
sion and  Compression  are  equal,  and  without  the  knowledge 
that  they  are  so,  the  result  may  be  taken  as  giving  a  mean  of 
the  two. 

(725.)  When  we  proceed  to  find  the  Modulus  of  Eksticity 
experimentally,  by  the  extension,  compression,  and  deflection  of 
any  material,  we  find  departures  ^m  the  simple  laws  which 
we  have  so  fiur  assumed,  which  complicate  the  question  very 
considerably. 

Ist.  The  Modulus,  calculated  from  deflection,  does  not  agree 
exactly  with  those  found  by  direct  extension  or  compression. 
2ad.  So  far  as  observations  on  wrought  and  cast  iron  enable  us 
to  judge,  bodies  yield  more  to  compressive  than  to  equivalent 
tensile  strains,  and  as  a  result  of  this,  the  "  Modulus  of  Exten- 
sion" is  greater  than  the  ''Modulus  of  Compression."  3rd. 
The  elasticity  of  all  bodies  is  more  or  less  imperfect,  as  mani- 
fested by  the  extensions,  compressions,  <&c.,  increasing  in  a  more 
rapid  ratio  than  the  strains,  the  result  of  which  is  that  the 
Mudulua  is  not  constant,  but  is  progressively  reduced  as  the 


890  MODULUS  OF  ELA8TIC1TT:   E^   Ee,  Ed* 

strain  is  increased.  4th.  In  the  case  of  cast  iron  the  Modulus  is 
considerably  affected  by  the  size  or  least  thickness  of  the 
casting,  small  castings  having  a  higher  Modulus  than  large 
ones  from  the  same  iron.  We  shall  consider  the  effect  of  these 
facts  separately. 

(726.)  "  Modulus  of  Extension^  Compressiony  and  Deflection^* — 
Taking  first  the  case  of  wrought  iron,  whose  elasticity  when  net 
overstrained  is  nearly  perfect,  and  of  which  we  have  the  most 
perfect  experimental  knowledge,  we  find  that  the  Modulus  of 
Elasticity  calculated 

Lbs.  per  Sq.  In. 
From  the  Extensions  up  to  8  tons  per  square  inch  (Table  96)  =  28,000,000 
^        Compressions  „11„  „  „(„98)  =  22,400,000 

^       Deflectionsnptothe**limitofEla8ticity"(    „   106)  =  27,603,000 

It  will  be  observed  that  the  Modulus  of  Deflection,  which  we 
supposed  (724)  to  be  a  mean  between  those  of  Extension  and 
Compression,  namely  25,200,000  lbs.,  is  in  this  case  considerably 
greater. 

(727.)  With  east  iron,  the  comparison  is  obscured  by  defect 
of  elasticity  (688),  but  we  can  eliminate  the  effect  of  this  source 
of  complication  by  taking  for  all  the  strains  the  same  fraction  of 
the  breaking  weight,  say  ^rd,  and  we  then  have  : — 

Lbs.  per  Sq.  Til 
From  the  Extensions  with  2}  tons  per  square  inch  (Table  88)  =  12,646.500 
„       CompresBiotts  „14„           „            „(„89)  =  11,482,900 
„       Deflection  of   linch  bar,  with  ird|  ^  64)  =  15,242,820 

breaking  weight ) 

Here  the  Modulus  of  Deflection,  so  far  from  being  an  arith- 
metical mean  between  those  of  Extension  and  Compression 
(724).  is  much  greater  than  either. 

(728.)  The  principal  value  of  the  term  ''Modulus  of 
Elasticity"  is  its  supposed  universal  application  to  all  the 
strains  to  which  materials  are  subjected,  so  that  the  extension, 
compression,  transverse  flexure  of  a  beam,  and  angular  torsion 
of  a  shaft,  &c^  should  all  be  calculated  with  the  same  constant  by 
the  use  of  appropriate  formulce,  and  wb  should  be  able  to  reason 
on  any  particular  strain  with  data  obtained  from  another  kind 
of  strain. 
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(729.)  We  havo  seen,  howoyer,  that  this  iB  onlj  approximately 
true,  and  thus  this  distinctiye  advantage  of  the  term  **  Modnlos 
of  Elatiticity  **  is  reduced  considerably,  in  fact^  it  would  be  more 
correct  to  use  the  terms  "  Modulus  of  Extension,"  '*  Modulus  of 
Compression,''  and  ^  Modulus  of  Deflection,"  but  the  multiplica- 
tion of  terms  would  be  objectionable ;  we  shall  therefore  retain 
the  old  general  term  '*  Modulus  of  Elasticitj,"  distinguishing 
the  method  hj  which  it  was  determined,  and  to  which  alone  it 
applies  with  absolute  correctness,  by  characteristic  af&xee ;  thus 
Ee,  Eo,  Ej)  will  indicate  the  Modulus  of  Elasticity  by  Exten- 
sion, Compression,  and  Deflection  respeotiyely. 

(780.)  The  Modulus  found  by  experiment  for  any  particular 
strain  may  be  applied,  as  we  have  seen,  with  approximate  cor- 
rectness to  other  strains  in  the  absence  of  more  procise  data, 
and  this  is  yery  conyenient  in  many  cases.  For  instance,  we 
haye  absolutely  no  experimental  knowledge  of  the  extension 
and  compression  of  Timber,  but  experiments  on  deflection  are 
yery  numerous,  and  Ej)  deriyed  from  these  may  be  used  to 
determine  the  extensio    and  compression  approximately. 

(731.)  "  Differences  in  Value  of  E.  and  Eo."— Table  91  gives 
a  collectiye  compaiibon  of  the  relative  elasticity  of  Oast  and 
Wrought  iron  under  equivalent  tensile  and  compressive  strains, 
and  shows  that  at  least  with  small  strains  those  materials  yield 
more  to  compression  than  to  extension,  and  the  effect  of  this 
on  the  Moduli  E.  and  Eo  is  shown  by  Tables  88, 89 ;  96,  98. 
Thus  for  Wrought  iron  with  1  ton  per  square  inch  Eg  is 
28,000,000  Ibs^  and  Eo  is  22,400,000  lbs. ;  similarly  for  Cast 
iron  Eb  =  13,449,400,  and  Eo  =  12,844,000  lbs.  With  Cast 
iron  the  case  is  affected  by  defect  of  elasticity,  so  that  with 
strains  greater  than  2^  tons  per  inch  Eo  becomes  the  greater  of 
the  two. 

(732.)  «  Effect  of  Defect  of  Ela8t%cify.**—T\ie  elasticity  of  all 
bodies  is  more  or  less  imperfect  (688),  and  the  effect  of  this 
fact  on  the  Modulus  of  Elasticity  may  be  illustrated  clearly  by 
the  case  of  Cast  iron,  whose  elasticity  is  very  imperfect  (688). 
Thus  by  coL  10  of  Table  88,  E^  is  progressively  reduced  from 
13,695,200  lbs.,  with  ^  ton  tensile  strain  per  square  inch,  to 
9,223,500  lbs.  with  7  tons,  which  is  nearly  the  mean  breaking 
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weight.  Similarlj,  by  col.  10  of  Table  89,  'Eq  is  progreBsiTelj 
rodaeed  from  12,844,000  lbs.  with  1  ton,  to  3,862,400  Ibe.  with 
42  tons  per  square  inch  compressiye  strain.  Table  108  giyes 
the  result  of  the  experiments  of  Mr.  Hodgkinson  on  3  X  1^ 
bars  of  Blaenavon  Iron,  which  were  made  with  special  caie, 
having  friction  rollers  to  support  the  ends,  Ac  The  effect  of 
defective  elasticity  is  clearly  shown  by  col.  11,  the  Modulus  E^ 
being  regularly  and  progressively  reduced  from  15,216,300  lbs. 
with  ^th  of  the  breaking  load  to  8,358,770  lbs.  with  breaking 
weight. 

(733.)  This  great  variation  in  the  Moduli  with  the  ratio  of 
the  strain  applied  in  proportion  to  the  breaking  weight,  not 
only  complicates  the  question,  but  also  renders  it  necessary  to 
distinguish  the  Modulus  between  two  given  strains,  from  that 
at  a  given  strain.  For  instance,  coL  6  of  Table  88  gives  the 
Extension  by  every  successive  half-ton  throughout: — ^thus 
between  3  and  3^  tons,  the  extension  by  that  half-ton  is 
*  00010681  of  the  length,  and  the  mean  Modulus  between  those 
weights,  or  at  the  mean  weight  of  3^  tons,  will  be  1120  -r- 
'  00010681  s:  10,485,900  lbs.  Then,  between  3^  and  4  tons  the 
extension  by  that  particular  half-ton  is  '0001141,  and  the  mean 
Modulus  between  those  weights,  or  at  a  mean  weight  of  3^  UmB^ 
is  1120  -T-  0001141  =  9,816,000  lbs* 

Having  thus  found  the  Modulus  at  3^  and  3|  tons,  that 
at  the  mean  weight  of  3^  tons  may  be  found,  and  becomes 
(10,485,900  +  9,816,000)  ^  2  =  10,150,950  lbs.,  as  given  in 
coL  11,  but  between  0  and  3^  tons,  the  Modulus  by  col.  10  is 
12,040,900  lbs.  The  meaning  of  this  is,  that  between  0  and 
3  tons  per  square  inch  a  bar  of  cast  iron  extends  in  a  gracTually 
increasing  ratio  to  the  strain,  but  at  such  a  mean  rate  that  if 
thenceforth  it  were  continued  uniformly  proportional  to  the 
strain,  12,040,900  lbs.  per  square  inch  would  stretch  the  bar  to 
double  its  original  length,  or,  in  other  words,  each  pound  would 
stretch  the  bojr  tsoApoo^^  ^^  ^^  length.  But  when  already 
loaded  with  3  tons  per  square  inch,  a  small  further  strain 
would  stretch  the  bar  ruT^irsTU^  ^^  *^®  length  per  pound. 
Cols.  10  and  11  of  Table  88,  and  cols.  10, 11  of  Table  89,  have 
been  calculated  in  this  way. 
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(784.)  The  elasticity  of  wrought  iron  is  practically  perfect 
nearly  up  to  the  ''limit  of  Elasticity'*  (692),  and  as  a  resalt. 
the  Modolos  of  Elasticity  is  constant  within  that  limit.  Thir 
is  shown  by  Table  96,  where  E^  by  direct  experiment  in  col.  6 
is  nearly  constant  np  to  9  or  10  tons  per  square  inch  tensile 
strain,  tiie  small  differences  being  due  to  errors  of  observation 
which  are  unayoidable.  The  mean  value  is  given  by  col.  8  at 
28,000,000  lbs.,  and  as  constant  up  to  8  tons.  Similarly, 
Table  98  gives  Eg  nearly  constant  by  direct  experiment  in 
coL  5,  its  mean  value  being  given  at  22,400,000  lbs.,  and  as 
constant  up  to  11  tons  per  square  inch  by  coL  8.  The  same 
results  are  given  by  Table  106,  where  Ep  is  nearly  constant, 
up  to  the  limit  of  Elasticity,  the  mean  of  the  whole  of  the 
experiments  up  to  that  point  being  27,645,000  lbs.,  agreeing 
nearly  with  the  mean  Modulus  27,603,000  lbs.  derived  from 
general  observations  (726).  Beyond  the  strains  named,  the 
Modulus  falls  off  rapidly  and  irregnlarly,  and  is  in  fact  a 
question  of  time,  as  may  be  inferred  from  the  Tables,  which 
show  that  with  greater  strains,  the  extensions,  &c,  go  on 
increasing  even  with  constant  weights. 

(786.)  The  elasticity  of  Steel  is  nearly  perfect  up  to  the 
**  limit  of  Elasticity "  : — we  have  no  experiments  giving  the 
value  of  Ek  or  Ec  but  that  of  Ej)  is  given  by  Table  107,  and  is 
nearly  constant  with  strains  less  than  the  ''  limit  of  Elasticity  '* 
as  calculated  by  the  rule  cP  x  b  x  5600  -7-  L  =  to.  The  mean 
value  of  Ep  for  cast  steel  calculated  from  the  mean  deflection 
in  ool.  4  of  Table  105  by  Bule  (724)  is  80,146,600  lbs.  per 
square  inch,  col.  7 : — ^that  for  shear  steel  being  81,169,000  lbs. ; 
and  it  should  be  observed  that  these  results  were  obtained  from 
the  deflections  of  bars  of  unwrought  and  untempered  steel. 
With  tempered  spring  steel  we  may  admit  an  elasticity  prac- 
tically perfect^  and  that  the  Modulus  is  constant. 

(786.)  The  elasticity  of  Timber  is  very  imperfect,  and  the 
Modulus  of  Elasticity  very  variable,  as  dbown  by  Table  112, 
which  gives  the  value  of  Ej)  from  two  experiments  by  Mr.  E. 
dark  on  American  Red  Pine :  the  Modulus  of  Elasticity  £j>  is 
in  col.  4  reduced  progressively  from  1,712,850  lbs.  with  ^th  to 
£88,850  lbs.  with  the  breaking  weight.    The  value  of  the 
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Modalas  for  the  same  kind  of  Timber  is  given  by  ooL  7  of 
Table  105  at  1,623,450  lbs.,  which  is  correct  for  strains  np  to 
the  Safe  load,  or  say  ^th  of  the  Breaking  weight  (888). 

(737.)  The  effect  of  defective  elasticity  on  the  Moduli  E., 
Ec,  Ed  is  shown  graphically  by  Diagrams,  Figs.  214,  218,  in 
which  all  the  experimental  strains  have  been  redaood  to  frac- 
tions of  the  Ultimate,  or  breaking  weight,  so  as  to  render  the 
results  directly  comparable  with  one  another.  If  the  elasticities 
were  perfect,  all  the  lines  indicating  the  value  of  the  Mudulus 
would  have  been  horizontal. 

(738.)  ''Effed  of  Size  of  Casting:*— In  searching  for  the 
Modulus  Eo  for  cast  iron,  from  the  experimental  deflection  of 
S(inare  and  rectangular  bars  of  various  sizes,  another,  and 
perhaps  an  unexpected  complication  is  discovered :  the  modnlns 
is  found  to  vary  considerably  with  the  size  of  the  bar,  or  more 
correctly  with  the  least  dimension,  in  the  case  of  rectanoiil&r 
bars.  We  found  in  (932)  that  the  transverse  strength  of 
rectangular  bars  of  cast  iron  is  inversely  proportional  to  the 
size  of  the  casting,  bars  1, 2,  and  3  inches  square  having  speoiflc 
strengths  in  the  ratio  1,  *7184,  and  *6195  respectively,  and 
experiments  have  shown  that  the  Modulus  Ej)  is  similarly 
affected. 

(739.)  In  order  to  show  distinctly  the  effect  of  size  alone,  it  is 
necessary  to  clear  the  subject  from  complications  arising  from 
the  varying  elasticities  of  different  kinds  of  iron  by  selecting 
and  comparing  the  experiments  on  one  and  the  same  kind  of 
iron,  varying  only  in  size.  Then  again,  to  eliminate  the  effect 
of  defective  elasticity  (688),  it  is  necessary  to  bring  the  strains 
in  all  cases  to  equality,  by  reducing  them  to  fractions  of  the 
ultimate  strain  or  breaking  weight.  This  is  done  in  Diagram, 
Fig.  214,  where  the  Moduli  given  by  Tables  114,  118,  from  the 
experiments  of  Mr.  Hodgkinson,  on  bars  of  different  sizes,  but 
all  of  the  same  kind  of  iron,  namely,  Blaenavon  No.  2,  are 
plotted  to  the  same  scale,  and  the  actual  strains  being  redaoed 
to  fractions  of  the  breaking  weight,  the  ef^ts  of  the  size  of 
casting,  defect  of  elasticity  on  the  different  sizes,  &c.,  are  made 
manifest.     This  diagram  shows : — 

(740.)  1st.  That  the  Modulus  of  Elasticity  Ei>  deoreases  as  thd 
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strain  is  increased,  or,  is  inverselj  proportional  to  the  strain,  this 
effect  being  dae  to  defect  of  elasticity,  for  obviooslj  with  perfect 
elasticity  the  modulus  wonld  be  the  same  for  all  strains,  and  the 
lines  in  the  diagram  would  be  horizontal  and  perfectly  straight. 

(741.)  2nd.  That  this  decrease  in  the  Modulus  is  in  inverse 
arithmetical  ratio  to  the  strain,  as  shown  by  the  lines  being 
approximately  straight  ones.  Of  course  there  are  considerable 
irregularities  due  to  errors  of  observation  (not  necessarily  errors 
of  tiie  observer)^  but  the  general  result  is  that  the  lines  are 
straight 

(742.)  3rd.  That  the  Modulus  is  inversely  proportional  to 
the  size  of  bar,  or  rather  to  its  least  dimension,  but  not  in 
arithmetical  ratio ;  thus  the  lino  of  the  2-inch  bar  is  not  exactly 
midway  between  those  of  the  1-inch,  and  8-inch,  but  much 
nearer  the  latter,  agreeing  to  some  extent  with  the  transverse 
strength,  as  shown  by  Table  142. 

(748.)  4th.  That  the  difference  in  the  Modulus  between 
castings  of  different  sizes,  but  loaded  to  the  same  extent,  varies 
directly  as  the  strain,  being  a  minimum  with  very  small  strains, 
and  increasing  progressively  to  a  maximum  with  the  breaking 
weight.  This  is  shown  in  the  diagram  by  the  non-parallelism 
of  the  lines,  which  diverge  from  one  another  as  the  strain  is 
increased: — the  line  of  the  small  bars  being  more  nearly 
horizontal  than  those  of  the  large  ones,  shows  more  perfect 
elasticity  in  the  former,  and  that  defect  of  elasticity  is  more 
influential  on  the  Modulus  Ed  as  the  size  of  the  bar  is 
increased. 

(744.)  6th.  That  in  rectangular  bars  of  unequal  dimenmons, 
the  Modulus  Ed  is  governed  potentially  by  the  least  dimension, 
rather  than  the  greater,  and  does  not  differ  materially  from  that 
of  a  square  bar  of  that  least  dimension.  Thus,  the  bar  1x2 
has  practically  the  same  modulus  as  the  bar  1  inch  square,  and 
the  bars  6  x  1^  ftnd  8  X  1^  occupy  in  the  diagram  the  position 
of  a  bar  1^  inch  square  or  nearly  so,  not  exactly,  howeyer,  the 
6  X  li  bar  being  somewhat  affected  by  the  larger  dimension, 
which  reduces  its  modulus  below  that  of  the  8x1^  bar. 

(745.)  The  straight  lines  F,  G,  H,  J  are  intended  to  equalize 
the  anomalies  of  the  experiments  and  represent  approximately 
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the  mean  ModaloB  Ed  for  the  different  sizes  of  No.  2  BlaenaYoii 
cast  iron,  and  from  them  we  have  obtained  Table  114,  which 
gives  the  combined  effect  of  size  of  casting  and  defect  of 
elasticity  or  ratio  of  the  strain  to  the  breaking  weight*  on  the 
Modulus  of  that  particular  iron. 

Tadlb  114. — Of  the  Modulus  of  Elastioitt,  by  Deflection,  E^  of 
Cast-iron  Bars,  showing  the  effect  of  Size  of  GastiDg,  and  Ratio 
of  Strain  to  the  Breaking  Weight. 


LMkt  Dimension  of  RectangnUr  Bar. 

lUUo 

of  Strain  to 

Breaking 

ITnoh. 

It  Inch. 

SInohet. 

8  Inches. 

WetglK. 

Modalos  of  Elasticity  in  Lbs.  per  Sqaare  lodL 

•0 

•I 

•2 
•3 
•4 

•5 

•6 
•7 
•8 
•9 
10 

15,555,000 
15,000,000 
14,445,000 
13,885,000 
13,330,000 

12,775,000 
12,220,000 
11,665,000 
11,110,000 
10,555,000 
10,000,000 

16,000,000 
14,400,000 
13,800,000 
13,200,000 
12,600,000 

12,000,000 
11,400,000 
10,800,000 
10,200,000 
9,600,000 
9,000,000 

14,625,000 
14,000,000 
13,375,000 
12,750,000 
12,125,000 

11,500,000 

10,875,000 

10,250,000 

9,625,000 

9,000,000 

8,375,000 

14,000,000 
13,333,000 
12,667,000 
12,000,000 
11,333,000 

10,667,000 
10,000,000 
9,333,000 
8,667,000 
8,000,000 
7,333,000 

This  Table  ai:q[»lies  strlctlj  to  Blaenavoo  No.  2  iron  only. 

(746.)  The  effect  of  size  of  casting  on  the  Modnlns  Ej>  is  also 
dearly  shown  by  Table  118,  where  1,  2,  and  8-inch  bars  are  all 
reduced  to  one  standard  for  the  purpose  of  direct  comparison. 
Taking  for  illustration  from  ooL  5,  the  same  load  on  bars  of  all 
three  sizes  as  nearly  as  possible,  say  1210  lbs.  for  1-inch  bars, 
giying  E|>  rr  11,767,600  lbs.  by  ooL  4 :  for  1212  lbs.  on  reduced 
2-inoh  bars  E|>  =  9,804,260  lbs. ;  and  for  1260  lbs.  on  reduced 
8-inch  bars,  E^  =  7,995,000  lbs.,  &c.,  thus  showing  a  great 
reduction  as  the  size  of  the  bar  is  increased. 

The  effect  of  defect  of  Elasticity  on  the  Modulus  Ed  is  also 
clearly  manifested  with  bars  of  all  sizes,  by  the  almost  perfect 
regularity  with  which  its  value  falls  off  as  the  strain  is  pro« 
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gressivclj  increased  up  to  the  breaking  load,  when  the  1-inch 
bars  give  9,738.700  lbs.,  the  reduced  2-inch,  8,412,600  lbs. ;  and 
the  reduced  3-inch,  7,614,440  lbs. ;  see  (769). 

(747.)  The  Diagram,  Fig.  218,  gives  a  general  comparison  of 
the  three  Moduli,  namely,  of  Extension  E^,  Compression  Eo, 
and  Deflection  Ed,  all  reduced  to  one  uniform  standard  series  of 
strains  from  0  to  the  breaking  loads  increasing  hj  i^th. 

It  will  be  observed  that  E^  and  Eo  are  nearly  parallel  to  each 
other  up  to  ^rd  of  the  breaking  weight,  although  the  actual 
eompressiye  strain  is  then  about  6  times  the  tensile.  Beyond 
the  strain  of  ^rd  the  modulus  of  Extension  Eg  continues  to 
decrease  with  great  regularity  up  to  the  breaking  weight,  but 
in  an  increasing  ratio,  as  manifested  by  the  line  being  curred. 
The  line  of  Eo  is  remarkable,  falling  off  at  first  in  nearly 
arithmetical  ratio  so  far  as  -^ths  the  breaking  weight  as  is 
due  with  perfect  elasticity,  after  which  the  Modulus  decreases 
very  rapidly  up  to  about  *  547  of  the  Ultimate  weight,  and  then 
returning  nearly  to  its  first  rate  of  decrease.  But  it  should  be 
obserred  that  beyond  *  547,  we  have  no  experimental  evidence, 
and  that  the  results  are  based  on  assumed  compressions  obtained 
by  plotting  all  the  experimental  compressions  in  a  Diagram, 
Fig.  215,  and  continuing  the  curre  by  judgment  up  to  the 
Crushing  strain.  They  are  therefore  more  or  less  problematical 
and  of  uncertain  accuracy,  but  it  will  be  obvious  from  insx>ection 
that  if  the  experimental  curve  were  continued  at  its  normal 
rate  up  to  the  breaking  weight,  the  Modulus  Eo  would  be 
reduced  to  nothing^  which  is  manifestly  incorrect,  and  indeed 
absurd  (722). 

(748.)  The  values  of  E^  and  Eo  were  determined  from  bars 
1  inch  square,  they  therefore  are  strictly  comparable  with  the 
value  of  Eo  from  bars  of  the  same  size  oiily,  and  we  then  find 
that  instead  of  being  intermediate  between  E^  and  Eo  as  might 
have  been  expected  (727),  it  is  for  all  strains  greater  than 
either:  hence  it  is  expedient,  whenever  practicable,  to  use  the 
particular  Modulus  adapted  to  the  case,  having  been  derived 
from  similar  cases.  Thus,  when  the  extensions  are  required, 
Ee  should  be  used ;  for  compressions  Eo,  and  for  deflections  Eo, 
taking  care,  where  accuracy  is  desired,  to  use  the  Modulus 
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•peciallj  applicable  to  the  ratio  of  the  strain  to  the  breaking 
weight,  kind  of  iron,  and  size  of  casting.  It  is  advisable  to 
adopt  this  course,  not  onlj  with  such  materials  as  cast  iron  and 
timber  whose  elasticity  is  very  imperfect,  but  also  with  the 
most  perfectly  elastic  materials,  such  as  wrought  iron  and  steel, 
as  may  be  seen  by  (726). 

(749.)  We  may  now  giro  some  illustrations  of  the  application 
of  the  various  Moduli  E^,  Eg,  £|>  to  practice. 

Say,  we  have  a  bar  of  cast  iron  10  feet,  or  120  inches  long, 
loaded  with  a  tensile  strain  of  4  tons  per  square  inch,  and  we 
requ're  the  extension  by  that  strain : — ^now  by  coL  10  of  Table  88 
the  mean  value  of  Eg  is  then  11,709,200  lbs.,  and  the  extension, 
with  4  tons,  or  8960  lbs.,  will  be  8960  -2-  11,709,200  =  -000766 
parts  of  the  length,  or  -000765  x  120  =  -0908  inch.  Now, 
say  that  when  the  bar  is  loaded  with  4  tons,  we  require  the 
effect  of  4  cwt,  or  448  lbs.,  more ;  then  by  coL  11,  the  Modulus 
when  already  loaded  with  4  tons,  is  9,472,000  lbs.,  hence  the 
extension  with  448  lbs.  more,  would  be  448  4-  9,472,000  = 
'0000478  parts  of  the  length,  or  -0000478  x  120  =  -005676 
inch. 

The  application  of  Eo  to  find  the  compressions  by  crushing 
strains  is  of  course  precisely  similar  to  that  of  E^,  the  proper 
value  of  the  Modulus  being  taken  from  col.  10  or  coL  11  in 
Table  89. 

To  find  the  deflection  of  a  rectangular  bar,  the  value  of  Ej> 
must  be  selected,  proper  for  the  particular  iron  (789) ;  ratio  of 
the  strain  to  the  breaking  weight  (740) ;  and  size  of  casting 
(738) ;  and  we  can  then  find  the  deflection  by  the  rule : — 

to  y  P 
(750.)  i  =  =i ^^-^^5 ;  • 

In  which  b  s  the  deflection  in  inches,  w  s  weight  in  pounds, 
I  =  length  between  supports  in  inches,  d  =  depth  in  inches, 
b  =  breadth  in  inches,  Ed  =  Modulus  of  deflection  in  pounds 
per  square  inch.     Thus  with  a  wrought-iron  bar  in  which  d  s 
1^  inch,  6  =  5^  inches,  I  =  13|^  feet,  or  162  inches,  and  w  ^ 
840  lbs. :  taking  E|>  from  ooL  7  of  Table  105  at  27,600,000^ 
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x^    3  -    ..      ^  840  X  162» 

the  deflection  becomoB  «  .=  27600000  x  4  x  H'"xT^  =  ^ * ^^^ 

inohee,  Ac    It  is  shown  in  (308)  that  tbe  strength  of  Timber 
pillars  may  be  fonnd  direct  £rom  the  Modulus  of  Elasticity. 


OHAPTEE  XIX, 

ON  PEBMAKENT   SIT. 


(761.)  «  Defed  of  ElasHcity."— The  elasticity  of  all  bodies  is 
more  or  less  imperfect,  and  manifests  itself  in  two  principal 
ways.  1st,  by  the  extensions,  compressions,  deflections,  Ac, 
increasing  more  rapidly  than  the  strains,  whereas  with  perfect 
elasticity  they  would  be  simply  proportional  to  those  strains ; 
the  effect  of  this  fact  is  shown  in  (604),  (613),  (688).  The  2nd 
result  of  defective  elasticity  is  that  when  once  strained,  the 
body  never  returns  to  its  primitive  form,  but  takes  a  <<  per- 
manent set "  varying  in  amount  very  greatly  with  the  nature  of 
the  material  and  the  extent  of  the  strain;  this  will  form  the 
subject  of  the  present  chapter. 

(752.)  In  earlier  days  it  was  assumed  that  within  what  was 
termed  the  ItrnU  of  elasticityf  or  with  strains  less  than  about 
one-third  of  the  breaking  weight,  the  elasticity  of  ordinary 
materials,  such  as  cast  and  wrought  iron,  timber,  &c.,  was 
perfect,  that  is  to  say,  the  extensions,  &c.,  being  simply  pro- 
portional to  those  strains,  and  giving  no  permanent  set.  But 
the  refined  experiments  of  Mr.  Hodgkinson  have  shown  Ihat, 
although  this  may  be  practically  true  with  some  materials, 
such  as  wrought  iron  and  steel,  it  is  in  all  probability  not 
strictly  true  with  any ;  he  found  that  the  sets  were  generally 
proportional  to  the  $quare  of  the  strains,  or  nearly  so :  see  (688) 
and  Table  111,  from  which  it  would  follow  that  if  with  a  mode- 
rate strain  the  set  were  considerable,  then,  Ist,  that  with  very 
slight  strains  the  sets  would  be  excessively  small,  and  possibly 
unmeasurable,  if  not  inappreciable ;  but,  2nd,  that  law  would 
show  that  there  must  be  sets  with  all  strains,  however  small* 


400  PSBMANENT  SIT:  TSNSILB :  ooMPBissnn. 

PSEMANKNT   SET   Uia)EB  TKNSILl  AND  OOMPRBSSIYB  STBAIHf. 

(753.)  <'  Oast  IronJ'—TBhle  115  gives  tli^  result  of  Mr.  Hodg- 
kinson's  experiments  on  the  set  from  both  strains ;  those  with 
tensile  strain  were  made  on  ronnd  bars  of  iron  united  together 
at  the  ends,  so  that  the  whole  length  exclosiYa  of  the  couplings 
was  50  feet:  the  diameter  was  abont  1^  inch,  equal  to  one 
square  inch  area.  There  were  nine  experiments  upon  foar  kinds 
of  cast  iron :  namely,  Lowmoor  No.  2,  Bluenavon  No.  2,  Gart- 
sherrie  No.  3,  and  a  mixture  of  Leeswood  No.  3  and  Glengamock 
No.  3  in  equal  proportions.  There  were  two  experiments  upon 
each  of  the  simple  irons,  and  three  upon  the  mixture : — the  mean 
experimental  tensile  strains  are  given  in  col.  1,  and  the  cor- 
responding  sets  in  col.  4. 

The  sets  under  compressive  strains  were  obtained  bj  6xperi« 
ments  on  the  same  kinds  of  iron,  the  bars  being  10  feet  long, 
and  1  inch  square  nearly,  and  to  prevent  lateral  flexure  they 
were  enclosed  in  a  strong  iron  frame,  &c.  The  mean  experi- 
mental compressive  strains  are  given  in  col.  1,  and  the  cor- 
responding sets  in  col.  5, 

(754.)  By  plotting  these  experimental  results  in  diagrams  we 
have  obtained  Fig.  217,  and  from  that  we  have  found  the  sets 
for  even  tons  and  half-tons  given  in  c  L  3  of  the  Table.  In 
col.  6  we  have  given  the  ratio  of  tha  sets  under  the  same 
amount  of  tensile  and  compressive  strains : — it  will  be  observed 
that  with  small  strains,  the  compressive  sets  are  much  greater 
than  the  tensile  ones,  but  with  heavy  strains  the  tensile  sets 
are  much  the  greater.  The  fact  is  that  the  amount  of  set  is 
governed,  not  by  the  absolute  strain  alone,  but  by  the  relative 
strain  with  reference  to  the  ultimate  or  breaking  weight.  As  the 
ultimate  strain  is  approached,  the  set  is  very  rapidly  increased ; 
the  ultimate  strength  of  cast  iron  being  six  times  greater  for 
compressive  than  for  tensile  strains,  defect  of  elasticity,  as 
manifested  by  the  set,  tells  more  rapidly  with  the  latter,  so  that 
while  with  the  small  strain  of  half  a  ton  per  square  inch,  the 
set  with  a  compressive  strain  is  greater  than  with  a  tensile  in 
the  ratio  of  1*713  to  1,  they  become  about  equal  with  8^  ton8» 
and  only  about  half  or  *  574  to  1  with  7  tons  per  square  inch. 
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TiBLl  I15.-M3f  the  PKBMAinnrr  Sbt  of  Cast  Ibok  under  Tbnsilb 


m^t^  w  am    mj^mm 

sk&«is#   •        m^j      mt^mm 

*»*»• 

M^^^^%^^Ammm\*mm 

^•v* 

Stnin  per  Sqiutre  Indi. 

Permanent  Set  In  Pferti 
of  the  Length. 

Expeii- 

Interpolated. 

Batio. 

m>'nial 

BjTnulto 

Strain. 

^f  OoTnpreflilv« 
Strain. 

Wetght. 

Lbs. 

Lbs. 

Tons. 

. 

•  • 

1,120 

i 

•00000167 

•000002860 

1^713 

1,581 

• « 

•• 

•00000183 

m  9 

•  • 

2,065 

•  • 

•  • 

•  ■ 

•000003917 

•  • 

2,106 

•  • 

•  • 

•00000454 

•  • 

•  • 

•  • 

2,240 

1 

•00000500 

•00000793 

1-586 

8,161 

•  • 

•  • 

•00000892 

■  • 

. . 

•  • 

3,360 

u 

•00000983 

•00001413 

1437 

4,130 

•  • 

•  • 

•  • 

•00001884 

•  • 

4;215 

•  • 

•  • 

•0000146 

•  • 

•  • 

•• 

4,480 

2 

•0000163 

•00002147 

1317 

5,269 

•  • 

• 

•  • 

•0000221 

•  ■ 

.  • 

•  • 

6,600 

^ 

•0000245 

•00002940 

1^200 

6,194 

•  • 

9 
•  • 

•0000333 

•  ■ 

•  • 

6,823 

•  • 

•  • 

•  • 

•00003100 

•  • 

• « 

6,720 

8 

•0000347 

•00003720 

1^072 

7,676 

•  • 

•  • 

•0000431 

•  t 

•  • 

•  • 

7,840 

^ 

•0000467 

•00004710 

1008 

8,259 

•  • 

•  * 

•  • 

•00005375 

•  • 

8,430 

•  • 

•  • 

•0000553 

•  ■ 

•  • 

•• 

8,960 

4 

•0000615 

'00005700 

•927 

9,848 

•  • 

« • 

•0000703 

.  • 

• « 

•  • 

10,080 

4i 

•0000807 

'00006810 

•844 

10,538 

•  • 

•  • 

•0000885 

•  • 

•  • 

•• 

11,200 

5 

•0001033 

•00007930 

•7G8 

11,591 

•  • 

•• 

•0001088 

•  • 

« . 

« « 

12,320 

5i 

•0001313 

►00009180 

•699 

12,388 

•  • 

•  • 

•  ■ 

00009063 

•  • 

12,645 

•  • 

•  • 

•0001340 

•  • 

•  • 

•  • 

13,440 

6 

•0001613 

0001045 

«648 

13,700 

•  • 

•• 

•0001747 

•  • 

■  •• 

14,453 

•  • 

•• 

•  1 

0001171 

•  • 

*  * 

14,560 

^ 

•0001950 

0001181 

•606 

14,793 

■  • 

•  • 

•0002008 

•  • 

•  • 

•  • 

15,680 

7 

•0002300 

0001320 

•574 

16,518 

•  • 

•• 

•  • 

•0001427 

••    • 

0) 

m 

(3) 

0) 

(») 

(•) 

2  0 
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Tablx  115.— Of  the  FsBMAincNT  Set  of  Gaot  Iron  under  Tbksilb 

and  G0XPBB86IVB  Strains — oorUinueoL 


Strain  per  Sqoan  Inch. 

FaniMTmit  Set  in  Futi 
of  the  Length. 

Experi- 
mental 

Intcipotated. 

Qy  Tensile 
Strain. 

By  CompreMlve 
Stimia 

Bitio, 

Weight. 
Lbs. 

LiM. 

Tona. 

ld.683 
20,647 

17,920 
20,'i60 
22,400 

8 

« • 
9 

•  ■ 

10 

•• 
•• 
•• 
•  • 

•0001627 
•0001709 
•0001953 
•0002070 
•0002307 

S4,777 
28i906 

24,640 
26,880 
29,120 

11 

•  • 

12 

•  • 

13 

•• 

•• 
•• 

•0002713 
•0002683 
•0003160 
•0003583 
•0003710 

33,030 
87,159 

81,360 

33*600 
85,840 

•  • 

14 

•  • 

15 
16 

■• 

•• 
•  • 
•• 
•• 

•0004430 
•0005080 
•0005320 
•0006430 
•0007018 

41.847 

88,080 
40,320 

42,560 

17 
18 

•  • 

19 

•• 
•• 
•• 
•• 

•0007870 
•0009520 
•001072 
•001157 

•f 

CO 

W 

(8) 

(0 

(») 

(«) 

tibiat  being  about  the  breaking  weight  by  tensile  strain,  but  only 
one-sixth  of  the  breaking  weight  by  compressive  strain. 

(755.)  The  ultimate  oompressive  strength  of  cast  iron  is 
about  42  or  43  tons  per  square  inch  (132),  but  the  set  was  not 
observed  with  strains  greater  than  about  19  tons,  as  in  the 
Table.  With  2^  tons  per  square  inch  Tensile  strain,  which  is 
about  ^rd  of  the  strength  of  cast  iron,  the  extension  by  col.  4  of 
Table  88  is  •00044625,  and  the  set  with  that  strain  by  coL  4  of 
Table  115  being  -0000245,  is  equal  to  -0000245  4-  -00044625 
«  -  055,  or  5^  per  cent  With  14  tons  per  square  inch  crushing 
strain,  which  is  about  ^rd  of  the  ultimate  compressive  strength 
of  cast  iron,  the  compression  by  col.  5  of  Table  89  is  •002731^ 
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Mid  the  «ot  hj  eoL  5  of  Table  115  being  *  000413,  is  equal  po 
•000443  -r  -002731  «  '016,  or  1-6  percent,  only. 

By  cols.  4,  5  tbe  permanent  set  with  any  g^ven  tensile  or 
oompressive  strain  may  be  easily  calculated  by  intcrpolatioD, 
remembering  that  it  is  proportional  to  the  square  of  the  strain 
(752).  Thns,  the  set  of  a  cast-iron  bar  after  a  tensile  strain  of 
6000  lbs.,  or  2  *  7  tons,  may  be  found  from  coL  4,  which  gives 
•0000246  for  2^  tons,  therefore  -0000246  x  2-7«^2-5*  = 
-0000286  for  2*7  tons,  which  with  a  length  of  say  72^  feet,  or 
870  inches,  gives  -0000286  X  870  =  -25,  or  i  inch  permanent 
set,  &0, 

(766.)  "  Wrought  Iron."— The  results  of  Mr.  Hodgkin^on's 
experiments  on  the  set  of  wrought  iron  under  tensile  strains 
are  given  in  cols.  5,  5  of  Tables  94,  95,  the  ''sets"  being 
reduced  to  parts  of  the  length  of  the  bar.  The  observed  sets 
with  very  small  strains  are  very  anomalous,  due  no  doubt  to 
the  difficulty  of  measuring  with  accuracy  such  minute  distances 
as  the  sets  really  are  with  light  strains,  even  when  the  bars  are 
of  great  length: — thus  the  observed  set  with  7571  lbs.  was 
only  -0022,  or  ^^  inch  on  a  length  of  50  feet.  The  sets  for 
even  tons  were  obtained  by  interpolation  between  the  next 
greater  and  lesser  experimenial  sets. 

By  plotting  the  experimental  observations  in  a  large  diagram, 
we  have  obtained  the  sets  in  col.  2  of  Table  116 ;  the  mean  set 
per  ton  given  in  col.  3  will  serve  to  calculate  the  set  for  strains 
intermediate  between  those  given  in  the  Table,  by  simple  inter- 
polation,  which  will  be  accurate  enough  for  ordinary  purposes. 
Thus,  with  a  bar  100  feet,  or  1200  inches  long,  with  say  12-4 
tons  per  square  inch  Tensile  strain,  the  set  after  the  strain  was 
taken  off  would  be  -00000725  x  12-4  X  1200  =  -108  inch; 
more  accurately  it  would  be  '108  X  12-4"-t-  12*  =  '116  inch. 
For  strains  under  8  tons,  it  has  been  assumed  in  Table  116  that 
the  sets  are  proportional  to  W  (752).  Tables  94,  95  show  that 
with  heavy  strains,  time  is  very  influential  on  tiie  Permanent 
Set. 

(757.)  Cols.  6,  6  in  Tables  94  and  95  show  that  the  peiw 
mauent  sets  give  very  clearly  and  definitely  the  point  at  which 
a  wrought-iron  bar  is  overstrained  by  a  tensile  strain.     Thus,  in 

2  D  a 
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Tablb  116.*-Of  the  Teuuawst  "Sbt"  of  Wbought  Ibov  under 

Tensilb  Stbaiks. 


- 

Set  In  FSuis  of  the  Lfingth  of  the  Bar. 

Tons 

per 

Sqtuire 

BjDiagTMDii. 

Bj  Direct  Ezperfanent. 

luch. 

TotaL 

If  een,  per  Ton. 

BarilDdi 
Dbuneter. 

Barf  Inch 
Diameter. 

Meaa^ 

1 
2 
3 
4 
5 

•000000138 
•000000552 
•000001242 
•000002208 
•C00008450 

•000000138 
•000000276 
•000000414 
•000000552 
•000000690 

•• 

•00000285 
•00000356 

•• 

•  • 

•  • 

•00000489 

•• 
•• 
•• 

•00000422 

6 
7 

8 

9 

10 

•000004968 

•000006762 

•000008827 

•0000132 

•0000250 

•000000828 
•000000966 
•000001103 
•000001467 
•000002500 

•00000427 

•00000499 

•00000631 

•0000101 

•0000208 

•00000664 

•0000C882 

•0000120 

•0000225 

•0000327 

•00000543 

•00000*>9O 

•00000915 

•0000163 

•0000268 

11 
12 
13 
14 
15 

•0000441 

•0000870 

•0002708 

•000827 

•00356 

•000004000 

•00000725 

•0000208 

•000059 

•000237 

•0000455 

•0000968 

•000247 

•000919 

•00229 

•0000516 
•0000844 
•000Ji760 

•0000485 
•0000908 
•0003110 

•• 
•• 

16 
17 
18 
19 
20 

•0080 
•0125 
•0169 
•0214 
•0260 

•000500 

•000735 

•000939 

•00113 

•00130 

•00543 

•00864 

•0100 

•0156 

•0191 

•• 
•• 
•• 
•• 

21 
22 

•0305 
•0351 

•00145 
•00160 

•0217 

•• 

•• 
«• 

(1) 

(2) 

(3) 

(*) 

(6) 

(•) 

Table  94,  the  set  with  27,761  lbs.  is  9^3  per  cent  of  the  ezten* 
don,  but,  with  80,284  lbs.  becomes  36  •  5  per  cent :  again,  in 
Table  95,  26,675  lbs.  gives  a  set  of  8^2  per  cent,  of  the  exten- 
s'on ;  but  29,343  lbs.  gives  20  per  cent,  &o.  With  both  these 
bars  therefore  about  12  tons  per  square  inch  will  decidedly 
overstrain  the  iron :  with  very  heavy  strains  the  permanent  set 
is  nearly  equal  to  the  extension,  being  as  much  as  92  per  cent, 
in  Table  94,  and  94  per  cent,  in  Table  95. 

We  have  unfortunately  no  experiments  on  the  set  of  wrought 
iron  under  compressive  strains;  neither  have  we  any  experi* 
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mentB  showing  the  effect  of  TariationB  in  tiie  thickness  or  size 
of  bar  in  the  case  of  cast  iron  on  the  sets  onder  tensile  and 
compressive  strains  ;  the  effect  of  size  on  the  set  of  bars  loaded 
transverselj  we  shall  find  (769)  to  be  very  considerable. 

(758.)  The  longitudinal  set  may  be  determined  approximately 
from  the  obseryed  set  of  a  bar  loaded  transversely  by  the  rules 
in  (511),  (642).  Thus,  by  col.  5  of  Table  106  a  bar  of  wrought 
iron  in  which  d  =  1*515  inch,  h  s  5*523  inches,  I  —  13j^  feet, 
or  162  inches,  loaded  with  a  weight  w  s  952  lbs.  in  the  centre, 
has  a  set  of  *  02  inch.  This  by  the  rule  (511)  is  equiyalent  to 
a  strain  at  the  upper  and  lower  edges  of  the  section,  or/=: 

3  X  162  X  952  ...qoa  iv.         q*  .    i. 

2  X  5-523  X  1-515'  "^  '  ^'  ^^  square  uach ; 

and  the  longitudinal  set  with  that  strain  by  the  rule  in  (642) 

3  X  1-515  x-02 
becomes  E,  = FxSP " * 000006927  of  the  length 

of  a  bar  strained  longitudinally  with  8  tons  per  square  inclu 
By  direct  experiment,  the  set  by  Table  116  =  '00000827,  the 
f-inch  bar  gave  -00000678  with  18,672  lbs.  by  Table  95;  and 
the  I  bar  in  Table  94  gave  '0000109  with  17,666  lbs.  tensile 
strain.  This  method  is  useful  in  those  numerous  cases  where 
we  have  no  direct  experimental  information. 

PBBMAiriNT  SET  UNDBB  TBANSF1B8B   STBAINB. 

(759.)  "  Cast  Iron." — ^The  elasticity  of  cast  iron  varies  so  much 
with  different  kinds  of  iron,  and  with  the  size  of  the  casting,  or 
rather  with  its  thickness  (744),  that  it  is  difficult  to  give  rules 
for  permanent  set  which  will  be  even  approximately  correct  for 
general  cases. 

For  rectangular  bars  of  Cast  iron  we  have  the  Bules: — 

,^^^.  ^     «r   .    .         o    L*x(Wt-*-«)*X-012 
(760.)  For  Wj  in  tons,  S  = ^ 

(761.)        Wo  in  cwi,.S=^^^<^°;,y  <>»»'>«. 
(762.)        W,  in  lbs..    8,L'x(W.^»)«x^-000000002891, 
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With  square  sections  these  Bules  become : — 
(768.)  For  W,  in  ton..  g.I'-xCW.yyx-Oia, 

(764.)        Wokcwt8,6=^->^<^°"/^-<>^^»». 

(766.)        W,  in  lbs..    B.^^x^^'-'y^'QOOO^OQ^^^^. 

In  which  L  s  length  between  supports  in  feet:  d  =  depth 
in  inches :  h  ^  breadth  in  inches :  »  s  the  ratios  of  strength  as 
governed  by  the  least  dimension  of  the  casting,  and  as  giyen 
in  (934),  &o» :  S  =  Permanent  set  in  inches. 

Thus,  with  the  bar  in  Table  108  say  we  take  Wp  -  112  lbs.  $  L 

being  162  inches,  d  =  1  •  522  inch :  6  =  8  •  066  inches,  &o.    Then 

taking  z  from  (984)  =  *  8141  for  1^  inch  thick,  the  Rnle  (762) 

.  ^  Q      18-5*  X  (112-4-8141)'  X  '000000002891      .^^qa 

8^^^  ^  =  1>622^  X  8>066' =  ^^^^ 

inch  Permanent  set;  ool.  10:  experiment  gave  *0192  inch, 
col.  8.  The  cols.  8  and  10  do  not  agree  yerj  well  with  heavy 
strains. 

(766.)  The  mean  Transverse  breaking  weight  of  a  cast-iron 
bar  1  inch  square  and  1  foot  long  is  2068  lbs.  by  coL  7  of 
Table  64,  hence  with  Factor  8  we  have  2068  -i-  8  =  688  lbs.  safe 
load,  with  which  Bule  (765)  gives 

1^  X  (688  ^  ly  X  >00000000289I  ^  ,^^^^3^  ^^  ^^ 

V 

with  safe  load,  from  which  we  obtain  the  Hules  :— 

(767.)  Permanent  set  with  Safe  Load  8^  ==  SHTSOi' 

(768.)  „  n  "^^  Breaking  weight,  S,  »  j  ^  iqq* 

In  which  S^  =  Permanent  set  with  Safe  Load,  and  Sb  with 
Breaking  weight ;  the  rest  as  before.  These  simple  rules  may 
be  applied  with  approximate  accuracy  to  cast-iron  beams  of  aU 
sections,  the  effect  of  size  being  eliminated  (778) :  for  example,  a 
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girder  of  any  ordinary  sectioii,  say  20  feet  long,  and  8  inohei 

20' 
deep,  gives  Sb  =  g      ^qA  =  'S,  or  i  inch  set  with  BreakiDg 

20* 
weight:    and  Sb  ^r  o-tt-qqa  "=  *0555,  or  -^th  inch  with  safe 

load,  namely  ^rd  the  breaking  weight,  &o. 

Table  117  gives  a  smnmary  of  Mr.  Hodgkinson's  experiment* 
on  the  mean  set  of  1-inch  bars  of  cast  iron,  4^  feet  long :  ooL  B 
has  been  calculated  by  Bnle  (765) :  thus  with  56  Ibe.  we  obtain 
^  _  i'6<  X  (56  ^  ly  X  -000000002391  _  .^^,.yg  .^^^,  ^^     . 

Table  117. — Of  the  Prbxakbnt  Set  in  Cast-ibok  Bbaks, 

1  inch  square  aud  4i  feet  long. 


Weight 


lbs. 
56 
112 
168 
224 

280 
336 
892 
448 

(1) 


^f  Experiment. 


ii.ch. 

•0037 

•0127 

•0280 

•049 

•076 
•109 
•149 
•196 


By  CalenUtloo. 


lUtioofLoad  to 
Breaking  Weight. 


inch. 

•003075 

•012300 

027675 

049200 

076875 
•110700 
•150675 
•196800 

(3) 


Per  Cent 
12 
24 
86 
49 

61 
73 
85 
97 


(769.)  ''Effect  of  Size  o/ Coah'n^/'— This  effect  will  be  most 
clearly  shown  by  reducing  the  experimental  results  from  bars 
of  difiBarent  sizes  to  the  equivalent  loads,  deflections,  and  per- 
manent sets  with  a  ''  Unit "  beam,  or  a  bar  I  foot  long,  1  incli 
deep,  and  1  inch  wide,  and  in  order  to  clear  the  investigation 
from  the  complications  arising  from  the  varying  properties  of 
different  kinds  of  iron,  it  will  be  necessary  to  take  one  and  the 
same  iron  for  all  the  bars.  We  shall  then  obtain  the  deflec- 
tion and  set  for  bars  of  different  sizes  in  a  directly  comparable 
form  and  shall  show  the  effect  of  size  alone  cleared  from  all 
obscuring  circumstances ;  see  (746). 

For  this  purpose  we  will  take  Blaenavon  No.  2  iron:  bars 
about  1,  2,  and  8  inches  s^tiare,  with  lengths  of  4^,  9,  and  13^ 
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feet  reepeotiyelj,  were  experimented  apon  hj  Mr.  Hodgkmson : 
t)>e  loads,  deflectionB,  and  permanent  sets  are  giyen  by  cols.  1, 
2,  3  of  Table  118. 

To  rednoe  the  loads  in  coL  1  to  eqniyalent  ones  of  a  **  Unif 
boom  we  haye  the  Bole : — 

(770.)  W  =  IP  X  L  ^  ((P  X  i). 

In  which  W  =  rednced  weight  on  Unit  beam :  to  =  the  eiperi- 
mental  weight  on  a  bar  whose  depth  =  d,  and  its  breadth  =  &, 
both  in  inches :  while  its  length  s  L  in  feet.  Thus  a  weight 
:=  224  lbs.  on  a  bar  18^  feet  long,  8-05  inches  deep,  and  3-095 
inches  wide  is  by  the  Bole  eqniyalent  to  W  =  224  X  13*5-7- 
(3-05'  X  3*095)  =  105  lbs.  on  a  bar  1  X  1  inch  x  1  foot  long, 
as  in  col.  5  of  Table  118. 

Then  to  reduce  the  experimental  deflection  with  say  the  same 
3-inch  bar  to  that  dne  to  the  eqniyalent  load  on  Unit  bar  we 
haye  the  Bole  :— 

(771.)  d,  =  dXrf-rL«. 

In  which  d  s  the  deflection  by  experiment  with  a  bar  whoso 
depth  =  d  in  inches,  and  its  length  L  in  feet :  ^  =  the  deflec- 
tion with  equivaJeni  weight  on  Unit  beam:  thns  in  our 
case  d|  sr  -195  X  305  -^  13*5*  =  -00326,  as  in  col.  6  of 
Table  118. 

The  reduced  permanent  set  may  be  found  by  a  modification 
of  the  some  Bule:^- 

(772.)  S,  =  Sx<l-T-L*. 

In  which  S  s  the  permanent  set  by  experiment  with  a  bar 
whose  depth  =  d  in  inches  and  its  length  L  in  feet,  and  Si  = 
the  eqniyalent  set  on  a  bar  1  inch  square  and  1  foot  long : — 
thus  in  our  case  -003  x  8*05  -r- 13-5*  »  -0000502  inch,  as  in 
col.  7,  &0. 

We  thus  find,  that  with  a  bar  13^  feet  long,  8  *  05  inches  deep, 
8*095  inches  wide,  a  load  of  224  lbs.  produces  by  experiment  a 
defiection  of  -195  inch,  and  a  permanent  set  of  *003  inch,  and 
that  this  is  eqniyalent  to  a  load  of  105  lbs.  on  a  bar  1  foot  long 
and  1  inch  square,  which  load  would  giye  a  deflection  of  -00326 
inch,  and  a  permanent  set  of  -0000502  inch,  &C.  Table  118 
has  been  calculated  in  this  way  throughout. 
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Tablb  118. — Of  the  Deflection  and  Pebmanent  Set  of  Babs  of 
Blaekayon  Cast  Ibok,  1,  2,  and  3  inches  square:  showing  the 
effect  of  Size, 


Bar,  La 

:4iFeet:d 

;sl>075: 

b  =  I'OSL 

Reduced  to  Iln.  Square,  1 FL  Long. 

Centnl 
LomL 

DefleoUoD. 

Pannanent 
Set. 

Modulus  of 
Elaeticity  Eu. 

Central 
Load. 

Deflection. 

Pemaneot 
Set 

Ita. 
28 
56 
112 
168 
224 

•060 
•116 
•238 
•368 
•513 

•0025 

•006 

•012 

•022 

•038 

lbs. 
13,679.800 
14,151,500 
13,794,700 
13.382,400 
13,054,300 

Ita. 

101 

202 

403 

606 

807 

-00318 
-00616 
-01263 
-01953 
-02723 

•0001317 

•0003185 

•000639 

•001168 

•002017 

280 
336 
392 
448 
476 

•665 

•837 

1-019 

1-225 

1-348 

•058 
•094 
•131 
•181 

•  • 

12,342,400 
11,767,600 
11,276,800 
10,720,500 
10,351.200 

1009 
1210 
1412 
1614 
1714 

•03530 
•04443 
•05409 
•06502 
•07155 

•003078 
•004991 
-006954 
-009608 

•  • 

504 

532 

550  Broke 

1-462 
1-567 
1-656 

•257 
•325 

10,105,500 
9.952  120 
9,738,700 

1815 
1916 
1980 

•07760 
•08318 
•08700 

•01364 
•01725 

Btf.L: 

=  9  Feet:  d 

SB  2*008:  J 

b  =  l-9«3. 

Bedaoed  to  1  In.  Square,  1  Ft.  Long. 

112 
224 
336 
448 
560 

•160 
•337 
-533 
-745 
•975 

•006 
•024 
•050 
•084 
-126 

13.877,000 
13,170,970 
12,491.400 
11,915.800 
11,381,100 

127 
255 
383 
510 
638 

•00397 
•00835 
•01321 
•01847 
•02417 

•0001487 

•000595 

•001240 

•002082 

•003124 

672 

784 

896 

1008 

1064 

1-224 
1-497 
1-758 
2-129 
2-266 

•179 
•245 
•818 
•435 

•  • 

10.879.000 

10.377,500 

10,099.200 

9,844,000 

9,304,260 

765 

893 

1020 

1148 

1212 

-03034 
•03710 
•04358 
•05278 
-05617 

•004438 
-006074 
-007883 
•01078 

• « 

1120 
1207  Broke 

2-499 
2-843 

•572 

•• 

8,880,830 
8.412.600 

1275 
1372 

•06195 
•07048 

•01418 
•01780 

Btf,La 

BiaiFeet: 

<la3*05: 

h  at  8*096. 

Bedoced  to  lln.  Square,  1  Ft.  Loag 

224 
448 
672 
896 
1120 

•195 
•407 
•633 
•882 
1-149 

•003 
•014 
•038 
•072 
•121 

13,903,900 
13.323,200 
12.849,600 
12,296,000 
11,797,300 

105 
210 
315 
420 
525 

•00326 
•00681 
•01060 
•01476 
•01923 

•000050S 

•0002343 

-000636 

-001205 

•002025 

(0 

(2) 

(3) 

(0 

(») 

(•)  , 

0) 
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Table  118. — Of  the  Defleottoh  and  Permanent  Set  of  Babs  of 
Blaemayon  Cast  Ibon,  1,  2,  and  3  inches  square — continued. 


Bar.  L  =  ISI  Feet:  d  ss  8*06:  b  =  3*09ft. 

Redaoed  to  lln.  Sqoara,  1  Ft  Loi^ 

Oentna 
Load. 

DefleeUon. 

Permanent      M«idpliia  of 
Set.         Elastidty  Ed. 

Central 
Load. 

Dcilectioa. 

PeHnanent 
Set 

1344 
1568 
1792 
2016 
2240 

2464 

2688 

2863  Broke 

(0 

1-447 
1-779 
2183 
2-568 
2-997 

3  637 
4-095 
4-451 

0) 

•186 
•275 
•388 
•531 
•688 

•981 
1-218 
1-630 

(8) 

Iba. 

11,244,900 

10,667,300 

9,935,910 

9,501,240 

9,046,580 

8,199,400 
7,945,000 
7,614,440 

(0 

lbs. 
630 
735 
840 
945 
1050 

1155 
1260 
1342 

(«) 

•02422 
-02977 
-03653 
•04298 
•05016 

•06086 
•06853 
•07617 

(«) 

•003113 
'004613 
-006493 
•008887 
-01151 

•01642 
•02038 
•02728 

a) 

(773.)  In  the  Diagram,  Fig.  219,  these  reduced  deflections 
and  permanent  sets  are  represented  graphically,  and  show 
clearly  the  superior  strength  and  stiffiiees  of  small  castinga 

It  is  important  to  obserye,  however,  that  the  permanent  set 
with  the  safe  load  of  ^rd  the  breaking  weight  is  about  the  samo 
with  all  the  bars :  thus  at  A  or  ^rd  the  breaking  weight  of  the 
1-inch  bar,  the  set  is  abont  the  same  as  at  B,  which  is  about 
^rd  the  breaking  weight  of  the  reduced  2  and  3-inch  bars. 
This  shows  that  the  Bole  (767)  applies  to  bars  of  all  sizes. 

That  defect  of  elasticity  increases  with  the  sise  of  the  casting 
is  manifested  in  the  Diagram  by  the  permanent  set  and  the 
deflections  increasing  therewith :  it  is  also  shown  by  the  high 
ratio  of  the  two  to  one  another,*  which  also  increases  with  the  sise 
of  the  bar,  as  shown  by  Table  118.  Thus  the  ratio  of  the  uUimaU 
set  to  the  ultimate  deflection  is  with  the  1-incb  bar  *0879  -7- 
•01725  =:  5*096:  with  the  2-inch  bar  '07048-7-  -0178  s 
8*96  :  and  with  the  8-inch  bar  -07617-^02728  =  2*793. 

Again :  taking  from  col.  5  the  same  load  as  nearly  as  possible 
on  the  reduced  1,  2,  and  3-inch  bars,  we  have  say  1009,  1020, 
and  1050  lbs.,  and  might  expect  the  Permanent  sets  in  ooL  7  to 
Im)  all  alike,  but  so  influential  is  iize  on  the  strong  h,  and 
thereby  on  the  set,  that  coL  7  gives  *  003078;    -007883  and 
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•0ll5l,  or  in  the  Batio  10;  2*56, and  8*747  The  &ct  is  that 
althongh  the  loads  were  nearly  identical  in  aotnal  amonnt,  they 
were  very  different  in  their  Ratio  to  the  respective  strengths  of 
the  bars :  with  the  1-inch  bars  the  load  was  1009  -r  1980  =:  «51, 
or  51  per  cent,  of  the  breaking  weight :  with  the  reduced  2-inch, 
1020  -7-  1872  =  •  74,  or  74  per  cent. :  and  with  the  reduced 
3-inch  bars  1060  -7- 1342  =  -  78,  or  78  per  cent.  The  Permanent 
Set  increasing  very  rapidly  as  the  Breaking  weight  is  approached, 
that  fact  tells  on  the  results,  as  we  have  seen. 


CHAPTER  XX 

ON  DfPAOT. 


(774.)  "  Oenerdl  Principles.** — The  power  of  bodies  to  resist 
an  impnlsiye  strain  or  a  blow  is  second  only  in  importance  to 
their  power  in  bearing  a  statical  load  or  dead  weight.  Many 
of  the  forces  which  the  Engineer  has  to  deal  with  in  practice 
are  dynamic  ones,  or  forces  in  motion,  and  as  the  laws  goyeming 
the  strength  of  Materials  in  that  case  differ  entirely  from  those 
for  a  statical  force  it  will  be  necessary  to  investigate  those  laws 
somewhat  exhaustively. 

We  will  take  first  the  case  of  impact  on  Bsams,  not  only 
because  it  is  the  most  important  but  also  as  giving  the  greatest 
facility  for  the  illustration  of  general  principles.  It  will  be 
expedient  in  explaining  the  theory  and  leading  &cts,  to  take 
first  a  very  light  beam  or  a  case  in  which  the  weight  of  the 
beam  itself  is  so  small  in  proportion  to  the  strengtii  ttiat  it  may 
be  neglected  without  sensible  error.  The  results  we  thus 
obtain  may  be  afterwards  modified  for  practical  cases  in  which 
the  weight  of  the  beam  or  the  load  upon  it  is  considerable  and 
its  effect  influential. 

(775.)  Let  A  in  Fig.  186  be  a  beam  or  elastic  spring,  say  of 
Steel,  fixed  at  one  end,  and  let  its  elasticity  be  such  that  it 
deflects  1  inch  for  each  pound  at  the  end,  then  with  W  =  10  lbs. 
as  in  the  figure,  the  deflection  will  be  10  inches,  or  from  B 
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to  0.  Now,  a  certain  amotint  of  power  has  to  be  expended  in 
thus  bending  the  beam,  which  may  be  expressed  in  inch-lbs ,  or 
pounds  falling  1  inch.  At  first  sight  it  might  appear  that  in 
our  case  we  have  10  lbs.  falling  10  inches,  or  10  x  10  =  100 
inch-lbs.,  but  the  strain  or  bending  weight  is  not  uniform 
throughout  the  fall ; — at  first  it  is  0  and  increases  from  B  to  O 
in  arithmetical  ratio  from  0  to  10,  hence  the  mean  weight  is 
eyidentlj  (0  +  10)  -7-2  =  5  lbs.  which,  falling  10  inches,  g^ves 
5  X  10  =  50  inch-lbs.  as  the  power  required  to  bend  the  spring 
10  inches.  It  follows  from  this,  that  if  the  weight  instead  of 
being  placed  steadily  on  the  beam  were  allowed  iofaU  through 
the  10  inches  deflection,  we  should  require  only  5  lbs.  to  deflect 
the  beam  from  B  to  C,  instead  of  10  lbs.  dead  weight  I^  there- 
fore, we  place  5  lbs.  at  B  and  suddenly  release  it,  the  spring 
would  be  deflected  by  that  weight  to  C,  the  point  due  to  a  dead 
weight  of  10  lbs. ;  or,  if  on  the  other  hand  the  weight  of  10  lbs. 
had  been  suddenly  released  at  B  it  would  have  deflected  tho 
beam  not  to  C  only,  but  to  D,  20  inches  below  B ;  or  in  other 
words,  it  would  have  strained  the  spring  to  an  extent  double 
that  produced  by  a  similar  dead  weight.  That  this  is  a  fact  is 
proved  and  illustrated  by  the  experiments  of  Captain  James,  B.II., 
given  in  Table  119,  the  mean  ratio  of  the  14  experiments  is  1 
to  1  *988,  or  very  nearly  double  as  given  by  theory.  The  same 
effect  would  be  produced  by  any  weight  less  than  5  lbs.,  if  tho 
height  of  fall  were  proportionally  increased  ;  thus  a  weight  df 
1  lb.  falling  50  inches  from  E  to  C  would  deflect  the  beam  as 
before  from  B  to  C. 

It  should  be  observed  that  the  height  of  fall  must  be  measured 
from  0,  the  point  to  which  the  beam  is  deflected,  and  not  from 
B.  the  point  where  the  falling  weight  first  strikes  the  Beam. 

BSSILIBNOS. 

(776.)  The  Power  of  a  beam  in  resisting  Impact  has  been 
termed  its  "  Eesilience,"  and  it  will  be  seen  from  the  foregoing 
investigation  that  it  may  be  expressed  by  taking  half  the  product 
of  the  deflection  by  the  weight  producing  it ;  hence  we  have 
the  general  Kule : — 

(777.)  E  =  «  X  W  X  f 
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In  which  d  s  ihe  deflection,  say  in  inches ;  W  =  the  deflecting 
weight  in  lbs.,  tons,  &c.,  and  B  =  the  BesiHence  of  the  Beam 
in  inch-lbs.,  or  inch-tons  depending  on  W.  The  most  useful 
▼alnes  of  B  are  for  the  two  standard  loads ; — Breaking  Weight, — 
and  Working  Load ;  for  conyenience  we  may  indicate  them  hj 
B  and  r  respectiTcly. 

Table  67  gives  in  cols.  5  and  6,  the  yalnes  of  B,  r,  in  inch- 
lbs,  for  a  Standard  bar  1  inch  sqnare  and  1  foot  long,  which 
may  be  termed  the  '*  Specific  Besilience "  of  those  Materials 
Thus  for  Cast  iron  B  =  d  X  W  X  ^  becomes  B  s  •0785  X 
2063  X  i  =  81-0,  as  in  col.  5:  similarly  cols.  8,  4  give 
r  =  -0197  X  688  X  1  =  6-78,  as  in  col.  6. 

The  same  reasoning  and  Bnle  will  apply  to  oases  other  than 
beams,  say  to  the  driving  of  a  nail  by  a  falling  weight :  thus, 
Mr.  Bevan  fonnd  that  to  drive  a  sixpenny  nail  1^  inch  into  dry 
Ghristiania  Deal  required  a  steady  pressore  of  400  lbs.  To  do 
the  same  work  by  impact  required  4  blows  of  a  hammer  weighing 
6*275  lbs.,  feJling  12  inches  at  each  stroke,  the  mechanical 
work  done  being  6*275  x  12  x  4  =  801  inch-lbs. :  by  the 
Bule  we  obtain  B  =  1|  x  400  X  ^  =  800  inch-lbs. 

(778.)  We  can  now  search  for  the  Laws  by  whidi  the  depth, 

breadth,  and  length  of  a  beam  govern  B,  or  its  power  in  resisting 

L'  X  W  X  C 
Impact.    By  (659)  it  is  shown  that  d  =  — -p — t — ,  hence 

W 

when  all  are  constant  except  d  and  W,  we  have  d  s  -=-.  Now  by 

(824),  the  strength  of  beams  or  W  varies  as  (2*,  hence  with 
depths  in  the  ratio  1,  2,  8,  4,  the  transverse  strength  for  a  dead 
load  will  vary  in  the  ratio  1\  2',  3*,  i\  or  1,  4,  9, 16,  and  with 

those  loads,  the  deflections  by  rule  d  =  -;r  become  --~  -. ,  -;-,  -- 

•^  cP  1*  2'  3»  4'* 

or  1,  },  ^,  ^,  hence  the  ratio  of  B  or  d  X  W  comes  out  1x1-1: 

4x^  =  2:  9  X  i  =  3,  and  16  X  i  =  4,  or  in  the  simple  direct 

^tio  of  the  depth  d,  namely,  1,  2,  8,  4. 

Then,  for  ^e  breadths:  the  same  Bule  (659)  shows  that 

W 

d  varies  as-r-,  therefore  with  breadths  in  the  ratio  1,  2,  3,  4, 
o 
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w 

iho  weights  W,  are  1,  2,  8,  4  also,  and  -=-  becomes  j^,  hhi  ^ 

1*0  in  all  cases,  showing  that  when  the  loads  are  proportional 
to  the  breadths  the  deflections  are  constant.  But  B,  or  d  X  W, 
will  not  be  constant,  but  become  1x1  =  1:1x2  =  2: 
1x8  =  3:  and  1x4  =  4,  &c.,  showing  that  B  is  simply  and 
directly  proportional  to  b. 

Then,  for  ihe  influence  of  the  length :  the  same  Bule  (659) 
shows  that  d  =  L'  X  W;  then  with  lengths  1,  2,  3,  4,  W,  or 
the  dead  loads,  will  obviously  be  in  the  simple  inverse  ratio, 
1,  ^,  ^,  ^,  &C. :  hence  the  deflections,  or  d  =  L'  x  W,  become 
P  X  1  =  1 :  2»  X  i  =  4:  8»  X  i  =  9:  and  4»  X  i  =  16,  and 
B,  or  the  power  to  resist  Impact,  or  d  X  W,  becomes  1  X  1  =  1: 
4x^^  =  2:  9xiss8:  andl6xi  =  4,  which  are  in  the 
simple  direct  ratio  of  the  lengths.  This  is  remarkable,  being 
precisely  the  reverse  of  the  effect  of  length  on  the  dead  load, 
where  of  course  the  strength  is  inversely  as  the  length. 

We  thus  find  that  the  power  of  Bectangnlar  Beams  in  re- 
sisting Impact,  or  B,  is  simply  and  directly  proportional  to  the 
length  multiplied  by  the  depth,  and  by  the  breadth.  Putting 
these  results  into  the  form  of  Bules,  we  have  for  Bectangular 
beams  :^- 

(779.)  h  =  dxbxJ^xB^ 

(780.)  wxh^dxhxJjXK 

In  which  d  s  the  depth  of  the  Beam  in  inches  :  h  s  breadth  in 
inches :  L  =  length  between  supports  in  feet :  w  »  falling 
weight,  say  in  lbs. :  h  =  height  fallen  by  to  in  inches,  and  B  = 
the  Specific  Besilience  of  the  Material,  as  given  by  cols.  5  or  6 
in  Table  67 ;  cok.  9,  12  in  Table  64,  &c. 

These  Bules  do  not  allow  for  the  resistance  from  the  Inertia 
of  the  Beam  or  of  any  dead  load  it  may  bear  before  receiving 
the  force  of  the  blow,  and  by  which  the  results  may  be  modified 
yery  considerably. 

(781.)  "  Effect  of  the  Inertia  of  the  Beam."— Mr.  Hodgkinson 
jias. shown  by  his  experiments  that  in  resisting  impact,  the 
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power  of  a  heavy  beam  is  to  tbat  of  a  light  one  as  the  inertia 
of   the    beam    pins   the    falling    weight    is   to    the    falling 

1  +  10 

weight  alone,  or  as  ,  henee  the  Bnle  (780)  beeomeB 

h  =  X ,  from  whieh  we  obtain  the 

to  to 

general  Rules : — 

(782.)  h  =  dxhxLx-Rxq  +  w) 

to* 

^^^^•^  ^  =  6xLx'^R'x\l  +  tor 

(^^^  *  =  rfxLxVx(l  +  to)* 

(786.)      dxh^^ ^j^  *  ,     V, 

^       ^  L  X  B  X  (I  +  to) 

In  which,  the  letters  have  the  same  signification  as  in  (780), 
except  I,  which  is  the  Inertia  of  the  beam  and  the  load  npon  it 
The  inertia  of  a  beam  nniform  in  section  from  end  to  end. 
supported  at  the  ends,  and  struck  in  the  centre,  may  be  taken 
at  half  the  weight  between  supports.  To  this  has  to  be  added 
the  whole  central  load  (if  any),  or  if  otherwise  distributed,  it 
must  be  reduced  to  an  equivalent  central  load. 

(786.)  The  application  of  these  rules  may  be  illustrated  by 
an  example: — say  we  have  a  beam  of  English  Oak  12  inches 
deep,  6  inches  wide,  20  feet  long  between  supports,  and  we 
require  the  height  from  which  a  weight  of  6  cwt.,  or  660  lbs., 
must  fall  to  strain  the  beam  to  ^th  of  the  breaking  strain. 

First  we  have  to  find  the  inertia  of  the  beam  fr^m  its 
weight: — ^we  have  1  x  ^  X  20  =  10  cubic  feet,  and  by  col.  2  of 
Table  161,^48 -4  x  10  =  484  lbs.  for  the  weight,  the  inertia  is 
therefore  242  lbs.,  and  taking  the  value  of  r  at  2*04  from  ooL  G 
of  Table  67,  we  get  by  Rule  (782)  :— 

^,  12  X  6  X  20  X  2*04  X  (242  +  660)  ^  y.^^  ^^^^  ^ 

660^ 

To  find  the  height  of  fall  to  hrecJt  the  beam  with  the  sam^ 
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fiJling  weight,  we  obtain  the  yalue  of  B  from  coL  5  of  the  mm% 
Table  =  78  *  4,  and  h  becomes 

12x6x20x78>4x(242  +  560)  ^  ^gg.^  ^^ 

560*  "*««^, 

or  24  feet : — Whence  the  ratio  of  the  breaking  and  safe  heights  is 
288-7 -T- 7-61  =  38-4tol,  asincoL9:  see  (825), 

(787.)  To  vary  the  illustration,  say  that  the  beajn  was  loaded 
with  a  central  dead  weight  of  10  cwt.,  or  1120  lbs.,  adding 
which  to  the  inertia  of  the  beam  itself  we  obtain  I  =  1120 
+  242  =  1362  lbs.,  and  for  ^th  of  the  breaking  strain,  h 
becomes 

12  X  6  X  20  X  2-^04  X  (1862  +  660)  ^  jg  ^^^^  ^ 

whereas  when  unloaded  the  fall  was  7  -  51  inches  only  (800). 

If  the  extra  load  of  10  cwt.  had  been  equally  distributed  all 
oyer  the  length  of  the  beam,  it  would  have  been  equivalent  to  a 
central  load  of  5  cwt.,  or  560  lbs.,  hence  I  would  be  560  +  242 
=  802  lbs.,  and  h  becomes 

12x6x20x2-04x(802  +  560)  ^  ^^.^^  ^^     ^ 

560" 

(788.)  The  three  inles  in  (783),  &c.,  by  which  d,  h,  and  d  x  & 
are  respectiyely  determined,  are  difficult  in  application,  because 
the  inertia  of  the  beam  depends  on  the  dimensions  which  are 
unknown,  but  we  can  assume  dimensions  and  solye  the  question 
by  repeated  approximations  to  any  desirable  degree  of  accuracy. 
Say  we  require  the  dimensions  of  a  beam  of  Elm  15  feet  long 
to  bear  safely  a  weight  of  8  cwt.,  or  896  lbs.,  falling  12 
inches.  We  will  assume  the  dimensions  at  12  inches  square, 
hence  the  beam  contains  15  cubic  feet,  weighs  by  Table  151, 
86-65  X  15  =:  550  lbs.,  its  inertia  550 -^  2  =  275  lbs.;  the 
valne  of  r  from  col.  6  of  Table  67  is  2-18,  and  the  rule 

(785)  will  now  give  d  X  6  =  ,,  ^  ..T/,.^,  ^  ^96)  =  '''' 

and  ^257  =  16  inches  square,  instead  of  12  inches  as  we 
assumed.  But  16  inches  would  be  too  much,  because  the 
weight,  and  thereby  the  inertia,  would   be  greater  than  we 

2  B 
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sssamed.  Assnming  15  inches  square,  or  1  *  25  feet,  as  a  aeoond 
apprf)ximation,  the  weight  comes  ont  1*25  x  1*25  X  15  X 
86-15  =  847  lbs.,  hence  the  inerija   »  424  lbs.,  and  d  x  & 

becomes ^^^   ^  ^^ =  228.  and  ^  228  =  151 

15  X  2-18  X  (424  +  896)  '  ^ 

inches  square,  agreeing  sufficiently  closely  with  the  sizes  we 

assumed.     By  (821)  it  is  shown  that  the  beam  might  be  of  any 

dimensions  at  pleasure,  so  long  as  d  x  &  =  228 ;  thus  it  might 

be  14  X  16-8  =r  228,  or  12  X  19  =  228,  <Sbo.,  Ac,  and  it  would 

be  unimportant  whether  it  was  struck  by  the  fSdling  weight  in  the 

direction  of  its  greatest  or  least  dimension,  as  shown  in  (824). 

It  will  be  observed  that  these  Bules  apply  only  to  beams  of 

rectangular  sections;  the  following  apply  to  beams  of  all 

sections,  but  are  not  so  facile  in  application : — 

In  which  W  =  a  giyen  Statical  weight  on  the  beam,  in  pounds. 
Fo  =  Flexure  or  deflection  produced  by  W,  in  inches. 
10  =s  &lling  weight,  in  pounds. 
A  =  height  fiJlen  by  to,  in  inches. 
f^  ss  flexure  in  inches  produced  by  the  impulse  of  to. 
I  s=  Inertia  of  the  beam  and  its  load,  as  in  (785),  &c 

(791.)  These  rules  oonnect  together  the  laws  of  the  Statical 
and  Dynamic  forces,  enabling  us  to  reason  from  one  to  the 
other : — ^thus  from  the  known  strength  and  stifi&iess  of  a  beam 
of  any  form,  material,  mode  of  fixing,  Ac,  under  a  statical  load 
or  de»d  weight,  we  may  calculate  the  effect  of  an  impulsiTe 
•train  upon  it. 

As  an  illustration  of  the  application  of  these  rules,  we  may 
take  Mr.  Bevan's  experiments  in  Table  120 : — they  were  made 
on  a  beam  whose  inertia  or  half-weight  between  supports  was 
63*5  lbs.,  a  deflection  of  1  inch  was  produced  by  a  dead  weight 
of  148  lbs.,  and  the  &lling  weight  was  28  lbs.    The  deflections 
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ex- 


prodaoed  by  Tftrions  heigbts  of  f$H  are  given  in  ooL  3  and  as 
calculated  by  the  rule  in  coL  8.    Thus,  with  12  inches  fftU, 

/  =  (^^Xlx  28'  X  ^"^  /^i-ig  inch  deflection:  by 
periment  it  was  1*25  inch. 

Tabls  120. — Of  Impact  on  Bbak  of  Wood,  18  feet  long,  &r. 


[el|diio 
Indi 


of  Fall: 
les. 


12 
24 
86 
48 

(1) 


Deflection:  Inches. 


Qj  Sxperimeot. 


1-25 
1-66 
2-35 
2-62 


B7  OalcnUtion. 


1-180 
1-667 
2  042 
2-358 

(3) 


(792.)  Again: — say  that  we  haye  a  beam  in  which  a  dead 
weight  of  400  lbs.  produces  a  deflection  of  1  *  2  inch,  the  inertia 
or  half-weight  between  supports  being  600  lbs.,  and  the  falling 
weight  200  lbs. ;  we  require  the  fall  to  produce  a  deflection  of 
say  2^  inches.    Then  by  Rule  (789)  :— 

A  =  2'Px400x(600  +  200)  ^  ^    g  inches  falL 
1-2  X  200"  X  2 

It  will  be  obserred  that  in  both  these  examples,  the  dimensioM 
of  the  beam  are  not  given,  nor  are  they  required  by  the  rules  in 
(789),  Ac. 

(793.)  But  these  rules  are  based  on  the  supposition  that  the 
elasticity  of  the  deflecting  beam  is  perfect,  or  that  the  de- 
flections are  strictly  and  simply  proportional  to  the  loads  even 
up  to  the  breaking  point ;  this  is  fur  from  the  truth  with  cast 
iron  (688),  and  is  not  strictly  true  perhaps  with  any  material, 
although  suf&ciently  so  for  practical  purposes,  with  wrought 
iron  and  steel  up  to  the  ''  limit  of  Elasticity  "  (692).  This  will 
be  seen  by  comparing  Tables  121  and  122,  for  the  rule  in  (789) 
shows  that,  other  things  being  the  same,  the  &11  h  should  vary 
as/^',  and  a  comparison  of  cols.  2  and  8  of  Table  121  shows  that 

2  1  2 
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tills  is  practically  tnie  for  wrought  iron,  but  a  similar  com* 
parison  of  cols.  2  and  3  of  Table  122  shows  that  the  defect  of 
elasticity  in  cast  iron  causes  a  considerable  departure  from  the 
rule  (816). 

When/^  and  Fq  haye  the  same  value,  this  source  of  error  is 
eliminated,  and  even  when  they  have  nearly  the  same  value,  the 
rule  may  be  used  without  serious  error. 

(794.)  When/o  is  equal  to  Fq,  that  is  to  say,  when  the  falling 
weight  has  to  produce  the  same  deflection  as  the  statical  or 


Table  121. — Of  Experiments  on  Resistance  of  Wrouoht-iron 
Bars  to  Impact,  showing  that  the  Power  is  as  the  Square  of  the 
Deflection. 


Defleo- 
tioD. 

FaUlnFeei. 

Work  done  by  Ball 
in  Foot-lb*. 

Weight 
of  Boll 
in  libs. 

i 

Depth. 

Breadth. 

1^ 

By  Ex- 
periment. 

Calcu- 
Uted 

MBit. 

By  Ex- 
periment 

Calco- 
Uted 
as  3*. 

-8. 

inches. 

feet. 

inches. 

inches. 

ll*». 

i 

•0477 

•0456 

3-601 

3-440 

751 

13J 

1027 

5-51 

252 

1 

•1823 

•1823 

13-764 

13-764 

»» 

f« 

M 

t9 

rt 

H 

•38(53 

•4101 

29^166 

30^96 

w 

)f 

>» 

M 

99 

2 

•7083 

•7292 

53-477 

55  056 

w 

n 

M 

M 

9^ 

2^ 

1^0827  ;i   131*3 

81-744 

86-000 

w 

9* 

M 

t» 

•9 

3 

1-5234   1G407 

115-017123-84 

99 

9f 

M 

99 

19 

^ 

2  0541   2^2331 

155-084168-56 

>» 

9* 

»» 

M 

99 

4 

2-7044 

2-9216 

204-182 

220-224 

M 

M 

99 

»• 

99 

1 

•0808 

•0808 

12-221 

12-2 

151J 

n 

M 

n 

«9 

2 

•3155 

•3-232 

47-719;  48^8 

99 

M 

ff 

»f 

99 

3 

•6877      -7272 

104  015109-8 

M 

M 

»f 

•• 

99 

4 

1-2578   1-2928 

190-242195-2 

n 

)f 

)f 

99 

99 

5 

1-9645  |2-020 

297-131305-0 

tf 

99 

99 

n 

99 

6 

2-7862 

2-9088 

421-413 

439-2 

»» 

W 

*l 

»» 

99 

i 

•0123 

•0123 

7^417 

7-4 

603 

13i 

1-515 

5-523 

372 

1 

•0492 

•0492 

29-67 

29-6 

M 

»» 

M 

♦» 

99 

n 

•1061 

•1107 

63-98 

66-6 

»» 

w 

» 

» 

99 

2 

•1876 

•1968 

113-1 

118^4 

M 

t» 

99 

t9 

99 

2i 

•2940 

•3075 

177-3 

1850 

f> 

w 

W 

» 

99 

3 

•4222 

•4428 

254-6 

266-4 

f> 

n 

M 

M 

99 

3} 

•5745 

•6027 

346-4 

362-6 

t» 

H 

M 

» 

99 

4 

•7428 

•7872 

447-9 

473-6 

W 

» 

W 

» 

99 

(I) 

(a) 

(3) 

(0 

(6) 

(«) 

0) 

(8) 

(») 

(10) 
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TAbLE  122.— Of  Experiments  on  Impact  with  Castibon  Bars, 
1-53  inch  deep,  6*122  inch  wide,  13*  feet  long,  Falling  Weight 
603  lbs. 


Deflec- 
tion. 

F«U  In  Feet 

Work  done  by  the  Ball  in 
Fo^t-lba. 

By  Ex- 
periment. 

Calculated 

CaU-nlflted 
as  «»•••. 

By  Ex- 
periment. 

38-47 
126-33 
245-00 

385-32 
545-11 
723  24 

(6) 

Calculated 
bb6*. 

Calculated 
as  «»-•*. 

inches. 

3 
4J 

6 

7J 
9 

0) 

•0638 
•2095 
•4063 

•6390 

•9040 

1-1994 

(2) 

•0638 
•2552 
•5742 

1-0208 
1-5950 
2-2968 

(3) 

-0638 
•1988 
•3866 

-6197 

•8915 

1-2050 

(4) 

38-47 
153-88 
346-23 

615-52 

961-75 

1384-92 

(«) 

88-47 
119-9 
233  1 

373-7 
537-6 

726-7 

a) 

dead  weight  W,  then  -^^~^ is  equivalent  to  — — > or  to 


Fo"  X  W 


p ,  therefore  to  P©  X  W  simply,  and  the  mle  in  (789) 

becomes:   - 
(796.) 


^_FoXWx(I  +  «^) 


Say  that  we  haye  a  girder  30  feet  long,  20  inches  deep, 
capable  of  carrying  safely  10  tons  in  the  centre,  the  weight  of 
the  beam  between  supports  being  2  tons,  hence  the  inertia 
s  1  ton,  and  let  the  falling  weight  w  be  ^  a  ton.  We  have 
first  to  find  F,  or  the  deflection  produced  by  the  statical  weight. 


which  by  the  rule  in  (702)  will  be  d  = 


30»  _x_-  02 

20 


=  •9  inch: — 


or 


5X2 
=  27  inches  fall  of  ^  a  ton  to  produce  the  same  deflection 


then   the    rule    (796)    becomes    ^^  '^  X  IQ  X  (I  +  j) 

13-6 
•6 

and  strain  as  the  dead  load  of  10  tons.    By  Eule  (789)  wo 

, ,  .    ,      -9^  X  10  X  (1  +  i)  _  12-16      OT  •    V 
obtam  h  = -g  x  V  X  2  -46""       inches,  as  before. 

(796.)  Again:  a  beam  weighing  160  lbs.  between  supports, 
deflects  4  inches  with  a  dead  load  of  600  lbs.,  and  we  require 
the  height  from  wbich  60  lbs.  must  fall  to  produce  the  same 
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deflection.     The  inertia  being  160  -^  2  =  80  Iba,  h  becomes 

^A^'rx— — -  =  62*4  inches  fall  measured  from  the 

60^  X  2 

point  to  which  the  beam  is  deflected  (775),  therefore  62*4  —  4 

=  68  *  4  inches  frt)m  the  level  of  the  unloaded  beam. 

We  should  obtain  the  same  result  in  this  case  (defect  of 

elasticity  not  interfering)  by  the  rule  in  (789),  which  becomes 

A  =  ^600  X  (80  +_5q)  ^  g2.4  inches  fall,  ae  before. 
4  X  60*  X  2 

(797.)  '*  Impact  on  Ctwt-iron  Beam$.** — We  may  combine  the 
laws  of  deflection  for  cast-iron  girders  with  those  of  impact,  so 
as  to  obtain  simple  general  rules  specially  applicable  to  the  two 
most  important  loads,  namely,  the  safb  and  breaking  weights. 

Let  W  s=  the  statical  or  dead  load  on  the  centre  of  a  girder, 

in  Tons  or  lbs. 
w  ^  the  dynamic  or  fiJling  weight,  in  the  same  terms 

asW. 
h  =  the  height  fallen  by  to,  in  inches. 
d  =  depth  of  the  girder,  in  inches. 
L  =  Length  of  the  girder,  in  feet. 
M  =  Multiplier,  or  -02  for  safe  load,  and  *0785  for 

breaking  weight  (Table  64). 
I  s  Liertia  of  the  beam,  or  half  the  weight  between 

supports,  in  the  same  terms  as  W  and  w. 

We  then  have  the  Bules : — 

m&\  \    L«xMxWx(i  +  «). 

(79S.)  *  -  d  X  «»  X  2 

/709  V  A  -  L'xMxWx(I  +  «>). 

(799.)  <f  -  fc  X  w*  X  2 

Taking  ihe  same  example  as  in  (796)  we  have 

80>x>02xl0x(l+i)^^^a7  inches  fen 
s  »  20  X  *'  X  2  10 

for  safe  strain,  as  before. 

If  we  required  the  fell  to  hreak  the  beam,  we  may  find  it  by 
ihe  same  rule,  observing  that  the  breaking  weight  will  bs 
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80  tons,  and  M= -0786.  then  ft  =»^^-»Z?^><«Q^(^  +  *) 

s  818  inches,  or  26^  feet  lall,  to  break  the  beam ;  being  11*8 
times  the  £dl  which  would  strain  the  beam  to  one-thiid  of  the 
breaking  weight  (825). 

(800.)  ''Effed  of  a  Dead  Load  on  a  Beam  mtH^'ected  to  ImpacV— 
In  beams  subjected  to  impact,  there  are  two  contrary  results 
produced  by  a  dead  load.  The  first  effect  is  the  obyious  one, 
that  being  deflected  by  the  dead  weight  before  receiying  the 
blow,  the  fiftlling  weight  has  less  work  to  do  in  breaking  the 
beam,  or  in  producing  any  giyen  strain,  therefore  the  height  of 
CeJI  with  a  given  weight  or  the  falling  weight  with  a  given 
heigjit  will  be  less  as  the  dead  load  is  increased.  But  the  other 
result  is,  that  the  inertia  of  the  dead  load  being  added  to  that  of 
the  beam  itself^  the  resistance  to  impact  is  increased,  and  the 
height  fallen  or  the  fSdling  weight  increases  as  the  dead  load  is 
increased.  The  question  becomes  thus  rather  complicated,  and 
requires  inyestigation. 

(801.)  Taking  the  same  spring  as  before  (775),  Fig.  186,  which 
deflected  1  inch  per  pound  of  statical  load,  we  will  now  obsenre 
the  effect  of  loading  it  before  impact  with  varying  amoimts  of 
dead  load,  the  weight  of  the  beam  itself  being  still  for  the  sake 
of  illustration  taken  as  nothing.  Say  that  the  maTJmum  strain, 
or  that  which  breaks  the  beam,  is  9  lbs.  dead  weight,  deflecting 
the  beam  9  inches : — then  if  unloaded,  a  weight  of  1  lb.  must 

fall  by  the  rule  (789)  oth^^''  F  ^  ^^X  2  "^^^  »  o'*'  ««e 

— o Ti — o —    =40*6  inches.    Then,  having  found  that  a 

9  X  A    X  ^ 

weight  of  1  lb.  falling  40*5  inches  deflects  the  unloaded  beam 
9  inches,  we  will  observe  the  flexure  which  that  weight  &lling 
always  the  same  height  will  produce  in  the  loaded  beam.  Thus, 
•ay  we  have  a  dead  load  of  4  lb.  producing  4  inches  deflection 
before  impact,  we  then  by  Bule  (790)  obtain 

.  //40v5x9  X  1"  X  2\       .  ^^  .    ,      ^ 

/•  ^\/\ — 9  X  (4  + 1)     ;  "  ^'^^  ^^^  ^®™® 

by  the  impulse  of  tr  falling  40*6  inches ;  but  the  beam  being 
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previously  deflected  4  inches  by  the  dead  load,  the  total  flexure 
is  4  +  4*02  =  8*02  inches,  whereas  when  unloaded  the  same 
weight  falling  the  same  height  deflected  the  beam  9  inches. 
Calculating  in  this  way  we  obtain  eoL  6  of  Table  128,  and  it 
will  be  observed  that  while  the  flexure  produced  by  the  impulse 
of  w  is  continuously  reduced  by  increasing  the  load  on  the  beam 
col.  4,  the  flexure  due  to  the  dead  weight,  coL  3,  is  continuously 
increased,  but  in  a  different  ratio,  the  result  being  that  the  flnal 
combined  flexure  or  strain  on  the  beam  is  a  minimum  when  the 
dead  load  plus  the  falling  weighty  or  I  +  to,  is  8  or  ^rd  of  the 
breaking  dead  load ;  the  deflection  being  then  only  7*  19  inches, 
instead  of  9  inches  as  when  unloaded* 


Tablb  123.— Of  the  Flexure  produced  by  Impact. 


Dead  Load. 

1  ^  «a. 

Flexure  produoed  bj 

DeadLoM). 

'    Impact  of  w. 

Total 

0 

1 
2 
3 

4 

1 
2 
3 
4 
5 

0 

1 
2 
8 

4 

9-00 
6-36 
5-19 
4-50 
4*02 

900 

7-36 

7-19* 

7-50 

802 

5 
6 

7 
8 
9 

6 
7 
8 
9 
10 

5 
6 

7 
8 
9 

3-67 
3-40 
318 
800 
2-85 

8-67 

9-40 

10-18 

11-00 

11-85 

(0 

(3) 

(S) 

(0 

(5) 

(802.)  This  may  be  further  illustrated  if  we  take  the  same 
spring,  and  find  the  height  of  fall  with  a  constant  falling  weight 
of  1  lb.  to  produce  always  the  same  deflection  of  9  inches  with 
varying  dead  loads.  Thus  with  a  dead  load  of  2^  lbs.  we 
have  2j^  inches  deflection,  leaving  9  -  2j^  =r  6^  inches  to  be 
produced  by  impact,  the  height    of  fall  for  which  will  be 

A  ss  -^ — ,^    Q »  78*94  inches,  whereas  when  un- 

9X1    X  ^ 

loaded  the   fM  with   the  same  weight  and   deflection  was 
40*6  inches  only,  so  that  the  resistance  to  impact  has  been 
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increased  by  loading  the  beam.  The  cols.  6,  8, 10,  and  12  of 
Table  124  have  been  thus  calculated,  and  they  show  that  resist- 
ance to  impact,  or  height  of  fall,  is  a  maximum  when  the  load 
plus  the  falling  weight,  or  I  +  u;,  is  8^,  the  breaking  weight 
being  9. 

(803.)  Engineers  have  been  guided  by  experience  to  fix  on 
^rd  of  the  statical  breaking  weight,  as  the  safe  statical  load  for 
ordinary  beams,  neglecting  usually  the  weight  of  the  beam 
itself,  and  it  is  remarkable  that  the  power  of  a  beam  to  resist 
impact  is  a  maximum  with  that  load.  But  this  requires  explana- 
tion, and  must  not  be  understood  to  mean  that  a  beam  loaded 
with  ^rd  of  the  breaking  load,  is  at  the  maximum  of  its  power 
to  resist  a  blow  from  an  extra  falling  weight  because  the  dead 
load  already  strains  it  to  the  safe  limit  assigned.  Take  the  case 
of  a  beam  whose  breaking  weight  is  9,  as  in  Table  124,  which 
would  have  8  assigned  as  the  safe  load,  but  say  that  when  loaded 
with  2,  the  rest,  or  1  falls  on  the  beam,  which  often  happens  by 
'the  accidental  failure  of  a  rope,  &c.  Then,  if  we  admit  the 
weight  of  the  beam  between  supports  to  be  1,  its  inertia  would 
be  J,  hence  1  +  w  becomes  (2  +  J)  -|-  1  =  3^  when  by  col.  6 
of  Table  124  the  resistance  is  a  maximum,  h  being  73  *  94  inches. 

Again :  say  that  when  the  dead  load  is  1,  the  rest,  or  2  falls, 
then  1  +  w  becomes  (I  -|-  J)  -|-  2  =  3^,  when  by  col.  10  the 
height  h  =  24*61  inches  and  is  still  a  maximum. 

(804.)  It  will  also  be  found  that  a  factor  for  safety  less  or 
greater  than  ^rd  (or  f)  will  give  a  less  resistance.  Say  we 
adopt  f  instead  of  f ;  then  if  when  loaded  with  ^  or  4  in  the 
Table,  the  rest,  or  1  falls ;  1  +  to  becomes  (4  4-  i)  +  1  =  6^, 
and  by  col.  6  the  height  of  fall  is  55*7  inches,  whereas  the  same 
weight  of  1  fell  73  *  94  inches  to  break  the  beam  when  the  factor 
was  ^  or  f .  Again ;  when  the  dead  load  is  8  and  the  rest,  or  2 
falls,  we  get  I  -f  w  =  (3  +  i)  -h  2  =  6^,  and  by  col.  10  the 
height  of  fall  is  20*8  inches  instead  of  24*61  inches  with  the 
same  falling  weight  of  2  when  the  factor  was  ^rd. 

If  we  adopt  a  lower  factor,  say  f  instead  of  f ,  then,  if  when 
loaded  with  1  the  rest,  or  1  falls,  we  get  (1  -h  ^)  +  1  =  2^  as 
the  value  of  I  -r  tr,  and  by  col.  6,  the  height  of  fall  if 
70*31  inches  instead  of  73*94  inches  as  with  a  factor  of  jrd* 
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(805.)  In  Table  125  are  given  the  results  of  Mr.  Hodgkinson's 
experiments  on  the  resistance  to  impact  of  bars  of  Cast  iron 
8  inches  square,  ISj^  feet  long  between  supports.  To  obtain 
exact  data  for  calculation,  precisely  similar  bars  of  the  same 
iron  were  subjected  to  experiments  with  a  dead  load,  the  bars 
being  strained  horizontally  so  as  to  eliminate  the  complications 
arising  from  the  weight  of  the  bar  itself.  The  mean  breaking 
weight  was  2865  lbs.,  and  the  ultimate  deflection  4*989  inches : 
to  obtain  the  deflection  with  smaller  weights  before  defect  of 
elasticity  (688)  became  considerable,  it  was  obsenred  that  with 
672  lbs.  the  deflection  was  *  638  inch  or  *  688  -^  672  = 
'000942  inch  per  lb.  in  the  centre,  which  is  equiTalent  to 
'000942  X  I  =-00059  inch  per  lb.  distributed  all  over  the 
beam. 

(806.)  Taking  the  8rd  experiment  in  the  Table,  the  deflection 
due  to  the  weight  of  the  beam  is  876  X  -00059  =  -222  inch: 
that  due  to  the  central  weight  of  28  lbs.  is  -  000942  x  28  = 
-026  inch,  the  sum  is  -222  +  -026  s  -248  inch,  coL  6,  so  that 
the  flexure  required  from  impact  is  4 '  989  —  *  248  =  4-691  inch, 
col.  7.  The  inertia  of  the  bar  is  876  -^  2  =r  188  lbs.,  which 
added  to  28  lbs.,  the  central  load,  gives  I  »  188  +  28  s  216  lbs., 
coL  4,  and  the  falling  weight  being  808  lbs.,  the  Bule  (789) 
1.^         I       4-691*  X  2865  X  (216 +  808)      «.  ^^  .    • 

becomes   A  = 4-989x808^x2 =  ^^'^^  "^'^^ 

col.  11 :  experiment  gave  42  inches,  coL  9,  but  the  last  observed 
fall  which  did  not  break  the  bar  was  89  inches.  Obviously  the 
fall  which  really  broke  the  beam  was  somewhere  between  89  and 
42  inches,  taking  it  at  a  mean  of  the  two  we  obtain  40^  inches, 
coL  10:  hence  we  have  86-08-^40-5  =-891,  showing  a  dif- 
ference of  1'0-'891  ='109,  or  -  10-9  per  cent,  coL  12. 
The  mean  diflerence  or  error  of  all  the  experiments  was 
—  4^  per  cent.,  ranging  from  +  24-4  to  —  80*8  per  cent., 
showing  a  nearly  equal  divergence  in  both  directions. 

(807.)  "  Impact  out  of  the  Centre  of  BeamsJ'^-We  have  so  far 
considered  only  the  case  of  a  beam  struck  in  the  centre,  but  the 
same  reasoning  will  apply  to  other  cases ;  we  have  only  to  find 
the  load  out  of  the  centre,  and  the  deflection  at  the  point  of 
application,  and  the  resistance  to  Impact  B  will  be  ^  the 
product,  orB  =  Wx8xi,  as  before  (777). 
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Say  we  take  the  case  of  a  bar  of  wrought  iron  1  inch  deep, 
i  inches  wide,  and  16  feet  long  between  end- bearings :  the  load 
in  the  centre,  straining  the  bar  to  the  *'  limit  of  Elasticity," 
with  Mt  =  2000  lbs.  (374)  by  Rule  (324)  becomes  W  = 
!•  X  4  X  2000  -r  16  =  500  lbs.,  with  which  the  deflection  by 

T>  1    /aKa\  u              •       16»  X  500  X  '00001566      „.     .        ^ 
Bule  (659)  becomes  o  = j  —^ =  8  mches.  A, 

Fig.  190. 

By  the  Enle  (650)  the  mme  weight  of  500  lbs.  at  |,  |,  and  ^ 
span,  or  4  feet,  2  feet,  and  1  foot  from  one  of  the  props,  wonld 
giye  with  j^  L  =  8  feet,  and  8  =  8  inches 

Inches 
deflection, 

8         (  IS 

at  4  feet  from  prop,  d  =  g^  x  U6  x  4)  -  4H  =  4-6 

at  2     „  „      c  =  |x{l6x2)-2»['=l-531 

8 


•tl    .  „      d  =  |x{l6xl)-l'}*=0- 


4395 


(808.)  But  if  the  loads  were  all  proportional  to  the  strength 
at  each  point,  we  should  have  had  at  B  in  Fig.  190,  or  at  4  feet 
from  the  prop,  by  the  Rule  in  (420),  500  x  (8  x  8)  -f-  (12  x  4) 
=  666*7  lbs.,  and  as  500  lbs.  gave  4*5  inch,  so  by  proportion 
666*7  lbs.  would  give  4*5  X  666*7-7-500  =  6  inches  deflec- 
tion at  B.  Similarly,  at  C,  or  2  feet  from  a  prop,  we  should 
have  500  x  (8  X  8) -4- (14  X  2)  =  1143  lbs.,  and  a  deflection 
of  1-531  X  1143-7-500  =  3*5  inches:  and  finally  at  D,  or 
1  foot  from  a  prop,  we  obtain  500  X  (8  X  8)  -J-  (15  x  1)  = 
2133  lb&,  giving  a  deflection  of  *4395  X  2133  -7-  500  = 
1*875  inch. 

We  can  now  find  the  resistance  to  Impact  by  a  blow  at  A,  B, 
C,  or  D  in  the  figures,  by  simply  multiplying  the  load  at  each 
point  by  the  corresponding  deflection,  and  taking  ^  the  product, 
as  explained  in  (776).  At  the  centre  A,  we  obtain  500  X  8  x  j^ 
=  2000  inch-lbs. :  at  B,  or  4  feet  from  one  prop,  we  have 
666*7  X  6  X  i  =  2000  inch-lbs:  at  C,  or  2  feet  from  a  prop, 
1143  X  8*5  X  i^  =  2000  inch-lbs. :  and  at  D,  or  1  foot  from  f 
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prop,  2183  X  1 '  875  X  i  =  2000  inoli-lba.,  being  thus  precisely 
0ie  same  in  aU  the  four  caset.  We  have  here  neglected  the 
Inertia  dae  to  the  weight  of  the  beam,  the  e£fect  of  which  is  to 
disturb  perfect  equality,  as  shown  in  (811). 

(809.)  From  this  we  find  that  while  the  safe  load  increases 
with  the  distance  from  the  centre,  the  deflection  with  that 
increased  load  is  reduced  in  exactly  the  same  ratio,  so  that  their 
product,  or  W  X  ^,  is  everywhere  constant  The  same  fact  is 
shown  by  coL  6  of  Table  104. 

The  result  is,  that  the  power  of  a  beam  to  resist  Impact  is  the 
same  at  whatever  part  of  the  length  it  is  struck :  that  is  to  say, 
a  given  weight  which  fiJling  on  the  centre  from  a  certain  height, 
will  break  the  beam,  or  strain  it  to  a  given  fraction  of  the 
breaking  weight,  will  have  the  same  effect  at  any  other  point  in 
the  length. 

This  remarkable  result  has  been  confirmed  by  experiment,  as 
shown  by  Table  126.  Mr.  Hodgkinson  found  that  a  bar  of  cast 
iron  1  inch  square  and  4  feet  long,  stiruck  horizontally  at  the 
centre  by  a  ball  of  20f  lbs.,  acting  as  a  pendulum  with  a  radius 
of  12  feet,  required  a  fall  through  a  chorid  of  6  feet  to  break  it : 
and  two  similar  bars  struck  at  \  span,  or  midway  between  the 
centre  and  one  support,  broke  with  the  same  fieJl  precisely. 

(810.)  Let  Fig.  205  represent  the  case:  it  is  an  axiom  that 
the  velocity  at  Y  acquired  by  a  body  falling  by  gravity  say  from 
Q,  is  the  same  whether  the  body  falls  through  the  arc  Q,  Y,  or 
vertically  through  the  height  X,  Y,  &o.  If  we  take  chords 
1,  2,  3,  as  in  the  figure,  the  vertical  heights  are  in  the  ratio 
1,  4,  9  as  shown,  and  as  the  velocities  are  proportional  to  the 
square-roots  of  the  heights  we  have  velocities  of  ^/I  =  1, 

VT  =  2,  and  ^7=  3  ;  that  is  to  say,  the  velocities  are  simply 
as  the  chords,  and  the  vertical  heights  as  the  squares  of  the 
ohords :  hence  we  have  the  Bule 

(811.)  »F  =  Op>  ^  (Ep  X  2). 

In  which  Up  s=  the  radius  of  the  pendulum :  Op  =  the  chord 
fellen  through,  and  Ap  =  the  corresponding  vertical  fall,  all  in 
the  same  terms  (feet  or  inches) :  thus  in  our  case  Ap  =  6*  -£- 
(12  X  2)  =  1-5  foot,  as  in  col.  6  of  Table  126. 
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In  calcTilatiDg  the  effect  of  blows  at  the  centre  and  elsewhere, 
perfect  equality  will  be  disturbed  by  the  Inertia  of  the  bar 
(781) :  with  the  1-inch  bar,  the  weight  between  supports  being 
11-2  lbs.,  the  Inertia  I  =  11-24-2  =  6-6  lbs.,  and  by  Eule 
/r,o«x  u.  .  i;  IX  1  X  4x  81  X  (5-6 +  20-76) 
(782)   we    obtain    h  = 20  -  75* '" 

19*8  inches,  or  1*65  feet,  as  in  ool.  8.     When  struck  at  ^  span, 
I  becomes  5*6  x  2  =  11*2  lbs.,  and 

_  IX  1X4X  81  X  (11-2 +  20-75)  ^ 

*-  20-75*  -•^muuw, 

or  2  feet,  &c. 

With  the  3-inch  bars,  the  weight  of  the  bar  between  supports 
s  186  lbs.,  hence  when  struck  at  the  centre  I  =  98  lbs.,  and 

r.  ,     /rroox     •         i       8x8x  6-75  X  81  X  (93 +  608) 
Eule  (782)  gives    h  = ^^ ^ ^  = 

9'42  inches,  or  -785  feet.    When  struck  at  J  span,!  =  98  x  2 

....  .^          :.    r        8  X  8  X  6-75  X  81  X  (186  +  603) 
=  186  lbs.,  and  h  =  gOgs — ^ '  = 

10-67  inches,  or  •8898  feet,  &o. 

Table  126. Of  Expbbiments  on  the  XJltimatb  Bebistahcb  of 

Cast  Ibon  to  Impact,  when  struck  at  the  Centre  and  at  i  Span. 
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(812.)  ^'Besiatance  to  Impact  a$  Deflection  Squared^-^Wiih 
beams  whose  elasticity  is  perfect  the  statical  or  dead  loads  and 
the  coiTesponding  deflections  are  simply  proportional  to  each 
other,  thus,  deflections  1, 2,3,  &c.,  require  loads  1,  2,  3,  &o.j  but 
the  dynamic  or  falling  weights  are  proportional  to  the  deflection 
squared,  Thos  deflections  1,  2,  3  reqnire  with  the  same  fall, 
weights  in  the  ratio  1',  2^  3^  or  1,  4,  9,  <&c.,  for  obviously,  as 
the  power  required  to  bend  a  beam,  or  B,  is  proportional  to  the 
deflection  multiplied  by  the  weight  producing  it,  or  to  S  x  W, 
it  follows  that  with  statical  weights,  1,  2,  3  and  corresponding 
deflections  in  the  ratio  1,  2,  3,  S  X  W  becomes  1  x  1  =  1 : 
2x2  =  4:  and  3x3  =  9,  &c.,  or  as  the  deflection  squared. 
Conversely  when  the  falling  weight  is  constant,  the  height  of 
fall  is  in  the  ratio  of  deflection  squared ;  this  is  proved  to  be 
true  exporimentally  by  Table  120,  deflections  of  1*25  and 
2  *  62  inches,  which  are  in  the  ratio  1  to  2  nearly,  required  fiedls 
of  12  and  48  inches,  which  are  in  the  ratio  1^  to  2^  or  1  to  4. 

(813.)  In  the  case  (775)  and  Fig.  1^6,  in  which  the  deflection 
is  throughout  1  inch  per  pound  for  the  statical  weights 

1  2         8         4         5         6         7  89         10  lbs. 

the  power  is  respectively 

i         2         4|        8        12}      18        24}      82        40}        50 

inch-lbs.,  and  for  each  successive  inch 

}  1}        2}        8}        4}        5}        6}        7}        8}         9} 

inch-lbs.  While  therefore  1  lb.  statically  produces  1  inch  deflec- 
tion throughout,  the  first  inch  takes  ^  inch-lb.  only  dynamically, 
and  the  last,  9^  inch-lbs.  It  is  apparently  an  anomaly  that  the 
last  inch  deflection  requires  9^  inch-lbs.,  and  yet  that  it  is  pro- 
duced  by  the  addition  of  1  lb  falling  1  inch,  and  it  is  still  more 
remarkable  because  the  dynamic  efiiBct  of  the  latter  is  only  ^  an 
inch-lb.,  for,  as  in  the  first  inch  so  with  the  last,  the  mean  weight 

during  the  l-inch  ffdl  is  — 5 —  =  j^  inch-lb.    But  it  should  be 

observed  that  while  the  addition  of  the  first  pound  had  no  other 
effect  than  to  yield  the  ^  inch-lb.  due  to  it,  the  addition  of  the 
last  pound  had  also  the  effect  of  causing  the  9  lbs.  with  which 
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the  beam  was  already  loaded  to  descend  1  inch  with  the  full 
nnifonn  weight,  thos  yielding  9  inch-lbs.,  which  added  to  the 
^  inch-lb.  due  to  the  weight  itself,  makes  the  total  dynamic 
weight  =  9^  inch-lbs.  for  the  last  inch,  as  before  stated. 

(814.)  The  power  to  deflect  the  beam  from  0  to  9  inches,  as 
shown  by  (801),  being  40^  inch-lbs.,  and  from  0  to  5  inches 
12^  inch-lbs.,  it  follows  that  to  increase  the  deflection  from 
6  to  9  inches  will  be  40^  —  12^  =  28  inch-lbs.,  or  the  same 
resnlt  as  in  (813). 

Table  121  gives  the  results  of  Mr.  Hodgkinson's  experiments 
on  the  resistance  of  wrought-iron  bars  to  impact:  compariDg 
ools.  4  and  5  it  will  be  seen  that  the  height  of  fcdl  is  practically 
as  the  square  of  the  deflection,  as  due  by  theory. 

(815.)  The  imperfect  elasticity  of  cast  iron  causes  a  consider- 
able divergence  firom  the  rule,  as  is  shown  by  Table  122,  which 
gives  the  result  of  similar  experiments  on  cast-iron  bars :  com- 
paring ools.  2  and  8,  or  5  and  6,  it  will  be  seen  that  the  experi- 
mental £bJ1  in  col.  2  or  the  power  in  ooL  5,  is  in  a  much  lower 
ratio  than  S*,  the  difierence  being  due  to  defect  of  elasticity 
(688).  The  ordinary  rule  supposes  that  the  deflections  are 
simply  proportional  to  the  statical  loads,  but  col.  4  of  Table  108 
shows  tliat  this  is  not  even  nearly  true  of  cast  iron,  the  deflec- 
tions increasing  with  successive  56  lbs.  from  *  8754  inch  with 
the  first,  to  1  *  157  inch  with  the  last. 

Say  for  illustration,  that  we  had  a  material  in  which  defect  of 
Elasticity  was  such,  tiiat  to  produce  deflections  1, 2,  3,  required 
loads  1,  1|,  and  2,  respectively,  instead  of  1,  2,  3,  as  due  with 
perfect  elasticity.  ThenS  X  Wbecomesl  X  1==1 :  2  x  1^  =  8 : 
and  3x2  =  6:  we  thus  obtain  the  ratio  1,  3,  6,  instead  of 
1,  4,  9,  which  is  that  of  the  square  of  the  deflection. 

(816.)  Oomparing  the  first  experiment  in  Table  122  with  the 
last,  the  deflections  being  in  the  ratio  1^  to  9,  or  1  to  6,  the 
vertical  fall,  or  the  work  done  by  the  Mling  ball,  should  be  as 
6'  or  36  to  1,  but  experiment  gave  1*  1944-^-0638  =  18  8 
to  1,  which  is  in  the  ratio  of  the  1  *  64  power  of  the  deflection, 
or  S^'^  instead  of  8*.  Thus  in  our  case  the  ratio  of  the  deflec* 
tions  was  1  to  6,  and  the  log.  of  6  ='788:  the  ratio  of  the 
work  done  in  producing  the  deflections  =  1  to  18*8,  the  log.  of 
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which  =  1-274:  then  we  ohtain  1-274-4-  -778  =  1-638,  aay 
1  -  64  =  the  power  of  the  deflection  to  which  the  work  done  is 
proportional  Cols.  4  and  7  wdre  calculated  by  that  ratio^ 
taking  the  experimental  numbers  for  1^  inch  deflection  as  a 
basis.  It  should  be  obseryed  that  the  difference  between  S^'**and 
S'  is  so  great  as  to  double  the  work  with  deflections  in  the  ratio 
1  to  7,  for  7*  •*  =  24-  3  and  7*  =  49  or  about  double. 

(817.)  ''Effect  of  Inertia  not  (X>iw/an/."— The  inertia  of  the 
beam  and  its  load  is  most  influential  when  the  falling  weight  is 
light  in  proportion  thereto.  If  the  beam  were  unloaded,  and 
itself  without  weight,  it  would  be  quite  immaterial  what  the 
falling  weight  might  be  so  long  as  the  iaXL  multiplied  by  that 
weight  was  constant :  thus  100  ILs.  falling  10  feet  would  produoe 
the  same  effect  in  straining  the  beam  as  10  lb.  falling  100  feet, 
&o.  But  this  is  not  true  when  the  inertia  of  the  beam  and  its 
load  is  considered :  say  that  we  have  a  beam  whose  inertia,  or 
half-weight  between  supports  =  1000  lbs.,  and  we  require  the 
heights  from  which  weights  of  1,  10,  and  100  lbs.  must  fSall 
to  produce  one  and  the  same  deflection.  Of  course  if  the  inertia 
was  nothing,  those  heights  would  be  inversely  proportional  to 
the  weights  simply,  or  100, 10,  and  1. 

We  require  only  proportional  numbers,  and  may  take  from 
(782)  A  =  (I  +  w)  -r  to*,  which  becomes  in  our  cases  (1000  4- 1) 
-T- 1*  =  1001 ;  (1000  +  10)  -r- 10*  =  10- 1 ;  and  (1000  +  100) 
-7- 100*  =  -11  respectively,  or  nearly  in  the  ratio  100,  1,  and 
i^th,  instead  of  100, 10,  and  1,  as  with  a  beam  whose  inertia  was 
nothing. 

The  Mechanical  power  H,  required  to  bend  a  beam  being  by 
(780)  equal  to  to  X  A,  and  h  being  proportional  to  (I  +  w)  -i-  ir", 

we  have  the  ratio  of  the  power  R  =  |l  +  w)  -r  v^\  x  w.  or 

(818.)  B  =  (I  +  w)  4-  to, 

which  in  our  three  cases  becomes  (1000  +  1)  -f- 1  =  1001 ; 
(1000  +  10)  -T-  10  =  101 ;  and  (1000  +  100)  -r  100  =  11 
respectively,  which  agrees  with  the  preceding  calculations  of 
the  heights  of  fall  with  weights  of  1,  10,  and  100  lbs.  falling 
1001,  10*1,  and  0*11,  the  products  of  the  weight  by  the  height 
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becoming  1001  x  1  =  1001;  10-1  X  10  =  101 ;  and  0  11  x 
100  =  11  respeetiy^y. 

(819.)  The  experiments  of  Mr.  Hodgkinson  in  Table  12r7, 
show  very  clearly  that  the  resistance  of  inertia  is  most  influential 
with  light  fSftUing  weights : — for  instance,  for  1^  inch  deflectioD, 
with  the  first  bar,  the  work  done  by  the  three  fSeJling  balls  of 
the  respectiye  weights  75^,  151^,  and  603  lbs.  is,  167*127; 
104*015;  and  63*978  foot-ponnds  respectively,  whereas,  bxxt 
for  the  inertia,  all  three  wonld  have  been  alike.  The  same  bar 
was  previonsly  deflected  1  *  547  inch  by  a  central  Statical  weight 
of  784  lbs.,  hence  1^  inch  deflection  wonld  require  784  X  I'l^ 
4-1-647  =  762  lbs.,  the  power  E  being  thus  762  X  IJ  X  J  = 
571*6  inch-lbs.,  or  671*6-5-  12  =  47*62  fbot-ponnds.  The 
inertia  of  the  bar,  or  half-weight  between  supports,  being 
186  lbs.,  the  rule  (818)  or  R  =  (I  +  ter)  -f-  w,  becomes  with 
•0  =  75  J  lbs.,  R  =  (186  +  76  J)  -r  75  J  =  8  *  464  times  the  power 
with  no  inertia,  therefore  in  our  case  47  *  62  x  8*464  =  165  foot- 
lbs.  :  experiment  gave  167*127.  With  w  =  151^  lbs.,  we  have 
R  =  (186  -h  151*25)  X  47*62-r  151*26  =  106 * 2  foot-lbs. :  by 
experiment  104*16.  With  td  =  608  lbs.,  R  =  (186  +  603)  x 
47*62  -f-  603  =  62*81  foot-lbs.,  and  by  experiment  68*978,  &c. 

These  calculations  prove  that  the  great  differences  shown  by 
the  experiments  are*  confirmed  by  theory;  and  also  that  the 
resistance  of  beams  to  impact  may  be  calculated  accurately  from 
the  deflections  with  statical  weights. 

(820.)  If  we  had  not  known  by  direct  experiment  the  sti£&ie8» 
of  the  particular  bar,  we  might  have  obtained  neaiiy  Ihe  same 
results  from  general  rules.  Thus,  the  statical  weight  to  produce 
1^  inch  deflection  in  our  wrought-iron  bar  with  L  =  13  *  5, 
d=:  1*515,  b=  6-623  by  the  rule  in  (662),  namely  W  = 
(d'  X  6  X  8)-f-(Ii'  X  C),  in  our  case  becomes  (1*615'  x  6*523 
X  l*6).f-(13*5»  X  •00001583)  =  739*7  Ibs.r  hence  R  or 
W  X  S  X  i  becomes  739-7  X  IJ  X  J  -f- 12  =  46-23  foot-lbs. 
Then  with  w  =  75J  lbs.,  we  get  R  =  (186  +  75*5)  x  46*^ 
-7-75 '5  =  160*1  foot-lbs. :  with  w  =  151i,R  =(186  +  151*25) 
X  46*23  -f- 151*25  =  103*1  foot-lbs. :— and  with  603  lbs.  R  = 
(186  +  603)  X  46*23  -r  603  =  60*49  loot-lbs.,  &c.,  being 
nearly  the  same  resurlt  as  we  found  before  with  data  derived  by 
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direct  experiment  with  a  statioal  weight  on  the  particiilar 
bar.    The  yalue  of  0  was  taken  from  a  special  experiment. 

Table  127. — Of  Exfebiiibnts  on  Hesistanob  of  WBonoHT-ntosr 
Bars  to  Impact,  showing  that  the  Inertia  of  the  Bar  is  most  infla- 
ential  with  Light  Falliog  Weights. 


Weight  of  PalliDgBidl:  Lbt. 

Lflogth. 

Depth. 

BcMdth. 

Defleo- 

UOB. 

75* 

151* 

603 

Weight 
between 

Work  done  by  Ball  in  Deflecting 
the  Bur,  or  to  X  ^ 

Supports. 

inches. 

i 

I 

I' 
1* 

1 
2 
3 

4 

1 

n 
i} 
i{ 

(0 

18-807 

74-201 

167-127 

.  • 
•  • 

13-764 

53-477 

115-017 

204-181 

26-274 
59-683 
106-485 
166-817 
238-051 
827-572 

(a) 

12-992 
49*519 
104  015 
187-28 
294*75 
430*82 

12*221 

47*719 
104-015 
190-242 

20-267 

45-677 

80-814 

126-747 

180-895 

242-454 

(3) 

7-417 

29-688 

63*978 

113-123 

177*28 

254*59 

•• 

•• 
•• 
•• 

15*376 
35-095 
61*747 
94-792 
135*253 
*• 

(*) 

feet 
13* 

tt 

tt 

tt 

tt 

tt 

13* 

tt 

tt 
tt 

6f 

tt 

tt 
tt 
tt 
tt 
(») 

Iiicbes. 
1-515 

»» 
tt 
tt 

tt 
»» 

1-027 
tt 

tt 

M 

ft 
It 
tt 
tt 
tt 
tt 
(«) 

Incbes. 
5-523 

»> 
tt 

tt 
tt 
n 

5-51 

tt 
tt 

•t 

tt 
tt 
tt 
tt 
tt 
tt 

a) 

Ihfi. 

872 

tt 

tt 
yt 
tt 
ft 

262 

tt 
»t 
tt 

126 

t» 
tt 

tt 
tt 
tt 

(8) 

(821.)  **  BesUtanee  to  Impact  as  ihe  WeigU  (f  ihs  Beam 
simply." — ^The  Bnle  (780)  shows  that  to  x  A,  or  the  power  of  a 
beun  in  resisting  Impact  is  proportional  to  d  x  6  X  L :  now 
obyionsly  those  three  dimensions  multiplied  into  each  other  give 
the  cubic  capacity  of  the  beam,  and  thereby  the  weight  between 
supports,  so  that  substituting  Wb,  the  weight  of  tiie  beam  in 
lbs.,  for  d  X  6  X  L,  we  have  the  rule  w  x  A  =  Wb  X  Mb*  In 
which  Mb  is  a  Multiplier  adapted  to  the  case.  But  B  =  to  X  ^ 
from  which  we  find  Ihat  with  any  given  material,  the  resistance 
of  rectangular  beams  to  Impact,  B,  will  be  simply  proportional 
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to  the  weight  of  the  beam  between  Bupports,  and  may  be  found 
without  knowing  any  of  the  dimensions.  Thus  in  Table  128, 
we  have  in  ooL  4  Uie  weight  of  bars  of  very  different  sizes, 
yaiying  from  884  to  15  lbs.  Now,  taking  the  yalue  of  Mb 
approximately  =  2,  the  rule  w  x  h  =  Wb  X  Mb  gives  the 
results  in  col.  8,  agreeing  remarkably  with  e^^eriment,  col.  7, 
although  two  important  matters  were  neglected,  namely,  the 
resistance  of  Inertia,  and  the  variation  in  strength  with  different 
sizes  of  cast  iron  (931). 

Tablb  128. — Of  the  Ultimatb  Bbsibtakoz  of  Cast-ibon  Babs  to 
Impact,  showing  that  it  is  as  the  Weight  of  the  Bar  simply. 


No.  of 

LengUi 

Dq^th. 

BraMtth. 

Weight 

of  Sir 

between 

Support*. 

Weight 
afBaU 
InLba, 

Yertkia 

Deeoeot 

ofBoU 

inFeet» 

A. 

Work  done  1»- the 

FUUng  BaU  to  Break 

the  BMVwXik. 

BzpcrtiDeDt. 

Ezperunent. 

OoL4 
XI. 

1 
2 
8 

4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 

feet. 
18J 

n 

»» 

6J 

n 

9 

M 

n 
n 

n 

ft 

>» 
n 

0) 

inches. 
3 

1| 
6 

3 

H 

2 

n 

M 

n 

1 
2 

n 
1 

(a) 

Inobet. 
8 
6 

\' 

6 
2 

M 
W 

n 
n 

2 
2 

n 
1 

(S) 

Ibt. 
378 
381 
884 
192 
186 

111 
108 
108 
106 
106 

57 
64 
54 
15 

(0 

603 
n 

»• 
»• 

151} 
603 
151i 
75* 
151i 

75J 
75* 
603 
75* 

(•) 

1-238 
1*207 
1-270 
0-639 
0*5521 

1-964 
•3159 
1-2856 
8  0506 
1-4130 

1-4334 
1-925 
0-1704 
0  5469 
(6) 

746 
728 
766 
385 
333 

297 
190 
194 
230 
214 

108 
145 
103 
41*3 

a) 

756 
762 
7C8 
384 
372 

222 
216 
216 
212 
212 

114 

108 

108 

30 

(8) 

(822.)  We  have  now  to  find  the  correct  yalne  of  Mb*  With 
a  falling  weight  the  power  exerted  s  to  x  A,  or  the  fSedling 
weight  w  multiplied  hy  the  height  of  fedL  The  resistance  of 
the  heam  to  this  force,  as  we  have  seen  (777),  is  8  X  W  X  i, 
which  isalsotheyalneof  B: — ^therefore to  X  A:  8  x  W  X  j^,  and 
B,  have  all  one  and  the  same  value. 

By  col.  5  of  Tahle  67,  the  ralue  of  B  for  a  Standard  bar  of 
cast  iron  1  inch  square  «nd  1  foot  long  =  81  inch-lbs. :  now, 
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the  weight  of  this  bar  between  supports,  by  Table  151  is 
-255G  X  12  =  8  lbs. :  hence  the  value  of  B  in  inch-lbs.  will  be 
given  by  the  Rule  R  =  Wb  X  27,  or  in  our  case  E  =  3  X  27  = 
81  inch-lbs. :  for  foot-lbs.  the  Rule  becomes  R  =  8  x  2*25  = 
6  •  75  foot-lbs. 

Applying  the  two  corrections  for  Inertia  and  thickness  of 
casting,  we  obtain  the  Rule : — 


(823.)  B-^bX^xMbXCI  +  it) 


w 

In  which  Wb  =  the  weight  of  the  beam  between  supports,  in 

lbs. 
to  =r  the  falling  weight,  in  lbs. 
s  =  the  Multiplier  for  thickness  of  casting,  as  in 

(931). 
Mb  =  27  for  R  in  inch-lbs.  with  cast-iron  bars ;  and 

2*25  for  foot-lbs. 
I  =  the  Inertia  of  the  bar,  or  j^  weight  between 

supports,  in  lbs. 
R  =  Ultimate  resilience,  in  inch-lbs.,  or  foot-lbs., 

depending  on  Mb* 

Taking  from  (934)  the  experimental  value  of  ^  for  8-inoh, 
2-inch,  and  1-inch  bars  at  *6195,  *7184,  and  1*0  respectively: 
for  experiment  No.  1  in  Table  128,  we  get  for  3-inch  htm 
R  =  878  X  2-25  X  -6196  x  (189  +  608)  -f-  603  =  692  foot- 
lbs. :  experiment  gave  746.  The  2-inch  bars.  No.  7,  give  R 
=  108  X  2-25  X  -7184  x  (54  +  603)  -^  603  =  190-2  lbs.: 
experiment  gave  190  lbs.  The  1-inch  bars,  No.  4,  give  R  » 
16  X  2-25  X  1  X  (7-5  +  76-5) -5-75-5  =  871  foot-lbs.: 
experiment  gave  41  *  8  foot-lbs.,  &o. 

The  effect  of  size  on  the  Resilience  may  be  shown  clearly  by 
the  reduced  experiments  on  1,  2,  and  3-inch  bars  in  Table  118 : 
thus  by  cols.  5  and  6,  the  ultimate  value  of  R  for  1-inch  bars 
by  Rule  (777)  is  R  =  -0879  x  1980  x  i  =  97 :  for  the  reduced 
2-inch,  R  =-07048  x  1372  x  i  =  48-35:  for  the  reduced 
8-inch,  R  =-07617  x  1342  x  ^  =  51,  which  is  anomalous, 
being  greater  than  the  2-inch  (982). 


UfrAOT  ON  BBAMS:  EFFEOT  Of  DEPTH  AND  BBEADTH.     439 

Bulo  (823)  xnTist  not  be  applied  to  beams  of  all  sectioiis :  for 
instance,  the  ±  girders  in  (342)  and  Figs.  71, 72,  are  similar  in 
section  and  therefore  in  weight.  Bnt  when  broken  with  the 
flange  uppermost  W  =  1120  lbs.,  and  8  =  5  inches,  hence 
E  =r  5  X  1120  xi  =  2800  inch-lbs. ;  with  flange  downwards 
W=364,8  =  l-138,andB  =  1-138  x  364  x  J  =  207 inch-lbs. 
Hence,  so  far  from  being  alike,  or  simply  as  the  weighty  we  have 
the  ratio  13^  to  1*0. 

(824.)  «  Effect  of  Depth  and  Breadth."— Wi^  a  rectangular 
beam  of  unequal  dimensions,  say  6  inch  by  1  inch,  the  resistance 
to  Impact  is  the  same,  whether  the  bar  be  struck  on  its  broad 
side  or  on  its  edge.  This  fact  is  implied  and  indeed  iuYolyed 
in  the  Eules  (780),  &c.,  for  as  the  height  h  which  a  given 
weight  must  fall  is  simply  proportional  to  d  X  &,  it  is  obviously 
immaterial  which  dimension  is  made  the  depth  and  which  the 
breadth.  To  show  that  this  is  theoretically  correct  more 
clearly,  we  may  take  a  bar  of  cast  iron  1x6  inches  and  say 
10  feet  long.  Taking  Mt  for  Breaking  weight  at  *  921  from 
col.  6  of  Table  66,  when  laid  flat  (2  =  1,  and  5  =  6,  then 
Bule  (324)  gives  W  =  1"  X  6  x  •  921 4- 10  =  •  6526  ton  Break- 
ing  weight,  with  which  the  deflection  by  Bule  (695)  becomes 
8  =  10*  X  -0785-^1  =  7 *  85  inches :  hence  B,  or  the  mechanical 
power  producing  that  deflection  and  breaking  the  beam,  is 
•5526  X  7-85  X  i  =  2-169  inch-tons  (776). 

When  fixed  on  edge,  (2  =  6,  and  6  =  1:  then  W  = 
€•  X  1  X  -921  -2-  10  =  3-316  tons,  Breaking  weight,  with  which 
the  deflection  becomes  8  =  lO'  x  -0785  4-6  =  1*308  inches; 
hence  the  mechanical  power  B  =  3*316  x  1-308  X  ^^  = 
2*169  inch-tons,  being  precisely  the  same  as  in  the  other 
position. 

Mr.  Hodgkinson's  experiments  in  Table  129  prove  the  correct- 
ness of  this  reasoning :  thus,  in  Nos.  1,  2,  3,  (2  x  6  =  9  in  all 
cases,  and  col.  7  shows  that  the  power  required  to  break  the 
bars,  or  10  X  ^  was  practically  the  same  in  all :  the  other  experi- 
ments in  the  Table  show  similar  resulta 

(825.)  "  digh  Batio  of  Safe  and  Breaking  Dynamic  Loads:*— 
The  resistance  to  impact  being  proportional  to  the  statical  load 
on  a  beam  multiplied  by  the  deflection  produced  by  it,  the 
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Table  120. —  Peovino  that  Rectanoulab  Beams  Resist  iMPACt 
with  Equal  Enerot  when  iStbuck  on  their  Nabbow  gt  Bboad 

DiMBKSIOKS. 


Length. 

Depth, 

Breadth, 

Area,  or 

Weight  of 
Ball, 

Vertical 
Desointof 

Wortcdonebj 
the  Ball  to 

d. 

b. 

dxb. 

Ball. 

Break  the  Beam, 

IV* 

A. 

wxA. 

feet. 

lbs. 

w6t. 

13^ 

8 

8 

9 

603 

1-238 

746-51 

13| 

H 

6 

9 

603 

1-2071 

727-88 

13J 

6 

H 

9 

603 

1-270 

765-81 

6f 

8 

8 

9 

603 

•639 

385-32  \ 
332*916/ 

6| 

^ 

6 

9 

603 

•6521 

4J 

1 

2 

2 

7H 

•971 

73-31  \ 

77-01  ; 

44 

2 

1 

2 

m 

1  02 

(I) 

(2) 

(3) 

(4) 

(5) 

(«) 

(») 

result  is  that  necessarily  the  ratio  between  the  Dynamic  Safe 
and  Breaking  weights  is  very  much  higher  than  between  the 
like  Statical  weights.  For  instance,  if  the  elasticity  of  a  beam 
is  perfect  (688),  the  deflection  being  in  that  case  exactly  pro- 
portional  to  the  weights,  and  say  that  the  ratio  of  the  Statical 
safe  and  breaking  loads  is  1  to  8,  then  as  we  have  with  the 
latter  three  times  the  weight  and  three  times  the  deflection,  we 
get  3x8  =  9  times  the  resistance  to  impact;  in  &ot,  the 
Dynamic  ratio  is  the  square  of  the  Statical  ratio,  and  the  latter 
being  say  8,  4,  5,  &o.,  the  former  will  be  9»  16,  25,  6m, 

(826.)  When  the  elasticity  is  imperfect,  and  the  deflectiona 
increase  more  rapidly  than  the  weights,  the  ratio  is  higher  still : 
for  instance,  for  cast  iron  Table  67  shows  that  with  a  statical 
ratio  of  8  to  1,  the  deflections  by  cols.  8  and  11  are  *0785-7- 
•01971  =  8*983,  or  nearly  4  to  1,  and  the  resistance  to  impact 
8*988  X  8  =  12  to  1  nearly.  Table  67  also  shows  by  coL  9 
that  Timber,  with  a  Statical  Ratio  of  5  to  1,  has  a  Dynamic 
ratio  varying  from  58  •  0  to  1  in  Ash,  to  27  *  1  to  1  in  Elm, 

(827.)  This  high  ratio,  which  we  have  seen  to  be  a  result  of 
the  nature  of  the  case,  is  a  great  practical  advantage,  because  in 
most  cases  the  dynamic  strain  is  uncertain  as  to  its  amount, 
being  ^e^uently  tiie  result  of  accident,  such  as  the  failure  of  a 
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rope,  &0.  Thus,  if  we  arrange  the  proportions  of  a  cast-iron 
beam  to  bear  safely  a  filing  load  that  will  strain  it  to  the  limit 
of  safety,  say  ^rd  of  the  Statical  breaking  weight ;  it  will  be 
strained  to  only  i^th  of  the  Dynamic  breaking  weight ;  leaving 
thus  a  yeiy  large  margin  for  safety :  see  (786). 

(828.)  <<  Stiffness  a  Source  of  WeaknessJ'-'la  many  cases  stiff- 
ness or  rigidity  is  necessary ;  for  instance,  in  girders  carrying 
a  water-tank  where  midne  flexure  would  throw  a  strain  on  the 
joints,  &o^  and  would  be  likely  to  cause  leakage  if  not  rupture : 
but  when  an  impulsive  strain  has  to  be  borne,  the  most  flexible 
beam  is  the  strongest,  other  things  being  equal.  For  instance, 
if  we  had  two  beams  whose  breaking  weights  were  the  same,  but 
one  deflecting  twice  as  much  as  the  other,  then  the  latter  would 
bear  twice  the  strain  dynamically,  or  a  given  weight  Mling 
double  the  height,  dec. 

(829.)  It  is  shown  in  (778)  that  B,  or  the  resistance  to 
Impact,  is  direcUy  as  the  length  of  the  Beam,  other  things  being 
equal,  which  of  course  is  directly  contrary  to  the  case  of  a  dead 
load,  where  the  strength  is  inversely  as  the  length.  This 
remarkable  result  is  shown  to  be  experimentally  true  by 
Table  180,  where  bars  similar  in  depth  and  breadth,  but  differ- 
ing in  length,  are  arranged  in  groups.  The  Batios  of  the 
lengths  are  2  to  1  in  all  cases,  and  col.  7  shows  that  B,  or  the 
mean  resistance  to  Impact,  is  1  *  99  to  1. 

(830.)  ** Summary  of  Bemarkahle  Latos.'* — ^There  are  several 
remarkable  laws  of  Impact  which  it  may  be  interesting  and 
instructive  to  collect  from  the  foregoing  investigation :  exclud- 
ing the  effect  of  Inertia  for  the  moment  we  find : — 

1st  The  resistance  to  Impact,  or  the  Besilience  of  a  Beam, 

B,  is  the  same  whether  the  blow  is  struck  at  the  centre  or  else- 

>/where  in  the  length :  see  (809). 

y^       2nd.  In  rectangular  beams  of  unequal  dimensions  the  resistance 

B  is  the  same  whether  the  bar  is  struck  on  its  narrow,  or  broad 

dimension :  see  (824). 

Brd.  With  rectangular  beams  of  the  same  material,  the 
resistance  to  Impact  B  is  simply  proportional  to  the  weight  of 
the  beam  between  supports  irrespective  of  the  particular 
dimensions:  (821). 
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Tablo   130. — PBOViKa  that  Resistance  to  Impact  is  directly  aa 

the  Length  of  the  Beam. 


licngth. 

Depth. 

Breadth. 

Weight 
of  Bail 

Vertical 
Descent  of 

BsUto 

Breitk  the 

Beam. 

Work  done  hjthe  BaU. 
Foot-lbs. 

ioXK 

Ratio. 

ft.    in. 
6    9 
13    6 

6    9 
13    6 

4    6 
9    0 

0) 

inrhftf. 
3 
3 

U 

2 
2 

0») 

inches. 
3 
3 

6 

6 

2 
2 

(8) 

■   lbs. 
603 

» 

W 

(0 

feet 
0-639 
1-238 

0-5521 
1-2071 

0-1704 
0-3159 

W 

885      \ 
746      / 

333      \ 

728      / 

103      \ 
190      / 
Mean  = 

(«) 

1-938 

2-186 

1-845 
1-99 

CombiniDg  1,  2,  8,  we  are  condnoted  to  this  remarkable  fact, 
that  the  weight  of  the  rectangular  beam  being  the  same,  it  is  im- 
material whether  it  be  long  or  short,  broad  or  narrow,  deep  or 
shallow.  Moreoyer,  whether  the  beam  is  struck  on  edge  or  on 
the  flat ; — ^in  the  centre  or  anywhere  out  of  the  centre,  the  result 
is  the  same  in  all  cases. 

4th.  The  power  B  is  directly  as  the  length,  instead  of  inversely 
as  for  a  dead  load :  see  (829). 

5th.  The  power  B  of  a  beam  in  resisting  Impact  is  inereaeed 
by  loading  it  with  a  dead  load  up  to  a  certain  point :  (801). 
Thus  by  col.lOof  Table  125  it  is  more  than  doubled. 

6th.  With  ^rd  of  the  Breaking  weight,  which  is  the  ratio 
adopted  by  most  Engineers  for  the  Working  dead  load,  the 
resistance  to  Impact  is  a  maximum  :  (803). 

7th.  The  power  required  to  produce  given  deflections  in  any 
beam  by  an  impulsive  strain  is  proportional  to  the  deflection 
squared,  not  as  the  deflection  simply,  as  with  dead  loads :  (812). 

8th.  The  stiffest  beams  are  the  weakest,  and  tfice  vered^  other 
things  being  equal  (828). 

9th.  The  Batio  between  the  Breaking  and  Safe  strains  by 
Impact,  or  between  B  and  r,  is  exceedingly  high,  being  as  the 
square  of  the  Batios  with  dead  loads,  as  shown  by  (825). 
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IMPAOT  FBOM  BOLLINO  LOAD. 

(831.)  «  BoUing  Load  at  High  Velocity:' —When  the  load  on  a 
horizontal  beam  rolls  over  it  at  a  high  velocity,  the  strain 
beoomes  more  or  less  a  dynamic  one,  but  under  certain  limita- 
tions as  governed  by  the  speed  of  the  transit  Let  A  in 
Fig.  198  be  an  unloaded  beam,  W,  a  weight,  which  as  a  dead  or 
statical  load  deflects  the  beam  to  B.  But  by  (775),  and  Table 
119,  it  is  shown  that  if  that  same  weight  were  laid  quietly  on 
the  centre  of  the  beam  A  and  suddenly  released,  it  would 
deflect  it  to  C,  producing  double  the  deflection  and  thereby 
double  the  strain,  the  weight  really /iZZtn^  as  the  beam  deflects, 
and  acting  therefore  as  an  impulsive  load. 

Now  let  the  weight  W,  roll  horizontally  upon  the  beam  with 
a  high  velocity,  such,  that  in  travelling  half  the  length  of  the 
beam,  or  from  to  to  W,  it  would,  if  free,  follow  the  line  ^,  e,  /, 
and  fSeJl  by  gravity  from  W  to  Wi,  and  deflect  the  beam  as 
before,  or  as  when  it  fell  vertically  the  same  height.  The  hori« 
zontal  velocity  necessary  to  effect  this,  is  easily  calculated : — 
for  instance,  let  the  beam  be  10  feet  long  between  bearings,  and 
the  dynamic  deflection  A  C,  =  4  inches.  Then  by  the  laws  of 
falling  bodies: — 

(832.)  «  =  ^(A  4-  198), 

in  which  h  =  the  height  feJlen  in  inches,  and  ( =  time  in 
seconds,  we  obtain  in  our  case  (4  -f-  193)  ^  =  *  144  second,  in 
which  time  the  weight  must  travel  half  the  length  of  the  beam,  or 
5  feet,  hence  its  horizontal  velocity  must  be  5  -r  '  144  s  34  feet 
per  second,  or  84  x  3600  -f-  5280  =  28*18  miles  per  hour. 
In  this  case  then,  a  load  passing  over  this  beam  at  a  velocity  of 
23*18  miles  per  hour,  will  deflect  that  beam,  and  thereby 
strain  it  to  the  same  extent  as  a  double  load  acting  as  a  dead 
weight ;  or,  in  other  words,  the  strain  with  any  load  is  doubled 
on  this  particular  beam  by  a  horizontal  velocity  of  28  *  18  miles 
per  hour.  The  deflection  is  a  maximum  with  this  velocity,  that 
is  to  say,  with  a  higher  or  a  lower  velocity  the  deflection  would 
be  less.  With  a  higher  velocity  the  weight  W  would  not  have 
time  to  fall  the  height  A,  G,  or  4  inches : — ^for  instance,  with 
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doable  velocity,  or  28*18  X  2  =  46*86  miles  per  hour,  it  would 
reach  the  centre  of  the  beam  in  *  144  -7-  2  s  '072  second,  the 
fall  due  to  which  time  by  the  laws  of  gravity  or : — 

(888.)  ii=<«xl98, 

becomes  in  our  case  '072*  x  198  =s  1  inch  only,  instead  of 
4  inches,  so  that  with  a  Telocity  of  46*86  miles  per  hour  the 
deflection  and  therefore  the  strain  would  have  been  |th  only 
of  that  due  to  28*  18  miles  per  hour,  and  half  only  of  tiiat  with 
the  same  weight  acting  statically  or  as  a  dead  load  in  the 
centre.  So  that  in  this  case,  while  a  velocity  of  28  *  18  miles 
per  honr  doubles  the  effidct  of  a  given  statical  load,  a  double 
velocity  or  46  *  86  miles  reduces  the  effect  of  a  given  dead  load 
to  half.  Again,  with  velocities  lower  than  28*18  miles  per 
hour,  the  deflections  would  be  less  than  with  that  velocity, 
rising  with  the  velocity  from  A,  B,  or  that  with  a  dead  load,  to 
A,  0  with  28*  18  miles  per  hour. 

(884.)  These  theoretical  results  are  confirmed  by  the  experi- 
ments of  Captain  James,  B.E.,  who  found  with  bars  of  steel 
2^  feet  long,  2  inches  broad,  and  ^  inch  deep,  that  with 
vdocities  of 

0  15  24  29  84  44 

feet  per  second,  the  central  deflections  were 

0*70  1*02  1-82  1*45  1*80  1*08 

inches,  attaining  a  marimnm  with  the  velocity  of  29  feet  per 
second,  which  was  reduced  by  an  increase  in  velocity. 

Similar  results  were  obtahied  by  wrought-iron  bars  9  feet 
long,  8  inches  deep,  and  1  inch  wide: — with  a  load  of  1778  lbs. 
travelling  at  velocities  of — 

0  15  29  86  48 

feet  per  second,  the  central  deflections  were 

•29  38  -50  '62  •46 

inches  respectively,  attaining  a  maximum  with  a  velocity  of 
86  feet  per  second. 
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(885.)  Table  181  giyes  the  results  of  experiments  by  Captain 
James,  on  Cast-iron  bars  of  various  sizes,  all  9  feet  long,  the 
effect  of  Telocity  being  here  shown  not  as  affecting  the  deflec- 
tion, bnt  as  goyeming  the  breaking  weight.  In  these  experi- 
ments, the  breaking  statical  weight  was  first  found  for  each  size 
of  bar  and  the  corresponding  ultimate  deflection ;  then  lighter 
loads  were  caused  to  pass  over  similar  bars  at  a  certain  fixed 
Telocity,  the  load  being  increased  continuously  by  increments 
of  56  lbs.  until  the  bar  broke,  &c. 

Theoretically,  as  we  have  seen  (775),  the  rolling  load  with 
which  the  beam  breaks  should  be  half  the  equivalent  dead 
weight,  the  maximum  effect  being  attained  by  a  certain  velocity 
such  that  the  rolling  body  can  fall  by  gravity  the  height  due 
to  the  ultimate  deflection  in  the  same  time  as  it  takes  to  traverse 
the  half-length  of  the  beam. 


Table  181. — Of  the  Strength  of  Beams  of  Cast  Iron,  9  feet  long, 
to  bear  Loads  roUiDg  over  them  at  different  Velocities. 


Velocity 
In  Feet 

d=  li  Inch,  h  s4  tnctaee. 

da  a  hicbefl,  6  =  1  inch. 

d  =  3  inches,  b  s  1  inch. 

per 
Second. 

BreftldDf 
Weight. 

Batloe. 

Breaking 
Welglit. 

Ratloe. 

BrMking 
Weight. 

Batioe. 

0 
15 
24 
29 

83 
86 
48 

(1) 

Ibt. 
2075 
1649 

1835 

1059 
854 

(a) 

1-000 
•795 

•648 

•510 
•431 

(3) 

lbs. 
1140 
921 
761 
608 

606 
588 

•  • 

(4) 

1-0000 
•8075 
-6677 
•5331 

•5318 
•5155 

« • 

(») 

lbs. 
2167 
1700 

1522 

1203 
1091 

(») 

1-000 
•803 

•718 

•568 
•515 

(») 

(886.)  We  can  calcnlate  with  approximate  accnracj  the 
Telocities  with  which  the  different  bars  should  break : — thus, 
the  observed  ultimate  deflection  of  the  8  X  1-inch  bars  was 
2  •  26  inches ;  the  load  would  fdl  that  height  by  gravity  by  the 
Bule  (882)  in  (2^26  -^  198)  V=  0*107  second,  and  as  the 
rolling  load  has  to  travel  half  the  length  of  a  9-foot  bar,  or 
4^  feet  in  that  time,  its  horizontal  velocity  must  be  4*5  -r 
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0*107  s  42  feet  per  seoond.  By  experiment,  the  bar  broke 
with  a  yelocitj  of  48  feet  per  second  with  *  515,  or  nearly  half 
the  dead  breaking  load,  as  in  col.  7  of  Table  131. 

Again,  with  the  bar  2x1  inch,  the  obserred  ultimate 
deflection  was  8  *  2  inches :  the  load  would  fSdl  that  height  in 
(8*2-7-  193)  V  =  0*1288  second,  hence  the  horizontal  velocity 
would  be  4*5  -7-  0*1288  =  85  feet  per  seoond:  the  experi- 
mental velocity  was  86  feet,  with  *5155,  or  nearly  half  the  dead 
breaking  load,  as  in  coL  5, 

Again :  with  the  bars  4x1^  inch,  the  observed  ultimate 
deflection  was  4*45  inches ;  the  load  would  £ftll  that  height  in 
(4*  45  -r  193)  ./  =  0  *  1516  second,  hence  the  horizontal  velocity 
will  be  4*5  -7-  0*  1516  =  80  feet  per  second  :  the  experimental 
velocity,  however,  was  86  feet  per  second,  with  *  510  the  dead 
breaking  load,  as  in  col.  8,  &o. 

(887.)  «  Effect  of  the  Inertia  of  ihe  Beam:*— We  have  so  far 
regarded  the  beam  as  having  no  weight,  therefore  yielding  no 
resistance  to  impact  by  its  vis-inertia,  and  for  small  bars,  such 
as  we  have  considered,  the  effect  of  inertia  on  the  result  would 
be  so  small  that  it  might  be  neglected  without  serious  error. 
For  instance,  the  bar  2  inches  deep,  1  inch  wide,  and  9  feet 
long,  should  break  by  the  ordinary  rules  (324)  with  2'  X  1  X 
2063  -7-  9  =  917  lbs.  in  the  centre,  with  an  ultimate  deflection 
of  *0785  X  9'  -2-  2  =  8*  18  inches  (695).  Now,  that  deflection 
being  produced  by  a  statical  or  dead  load  of  917  lbs.,  would 
equally  be  produced  by  a  dynamic  or  falling  load  of  half  that 
amount,  or  458  lbs.,  as  shown  in  (775),  neglecting  for  the 
moment  the  inertia  of  the  beam.  By  (781)  it  is  shown  that  in 
resisting  impact,  the  power  of  a  heavy  beam  is  to  that  of  a  light 
one,  as  the  inertia  of  the  beam  plus  the  falling  weight,  is  to  the 

1  +  w 

falling  weight  alone,  or .    The  inertia  of  a  beam  being 

tff 

taken  as  equal  to  half  its  weight  between  bearings,  and  the  tot;il 
weight  in  our  case  being  56  lbs.,  the  inertia  would  be  28  lbs. ; 
hence  the  effect  of  the  inertia  would  be  to  increase  the  falling 

458  J-  28 
weight  from  458  lbs.,    to  458  X  — j^ —  =  486  lbs.,  an 
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increaae  of  28  lbs.  only,  or  5  per  cent.,  which  is  so  small  thai 
it  may  be  neglected  witiii  impunity. 

(838.)  Bnt  where  the  weight  of  the  beam  is  great  in  propor- 
tion to  the  filing  load,  the  case  is  very  different.  Say  we  hare 
a  beam  weighing  2  tons  between  bearings,  its  inertia  being 
therefore  1  ton,  and  that  a  rolling  load  was  calculated  to  pro- 
duce a  deflection  of  2  inches  when  the  inertia  was  neglected, 
then  the  effect  of  the  inertia  would  be  to  reduce  the  deflection 

to  2  X  z r  =  1  ix^ch,  or  to  half.    In  that  case  the  rolling 

1  +  1 
load  might  be  increased  to  2  tons,  and  the  dynamic  deflection 

would  then  be  2  inches,  or  the  same  as  that  due  to  a  statical  or 

dead  load  of  2  tons,  the  inertia  doubling  the  power  of  this 

particular  beam  in  resisting  a  feJling  or  rolling  load. 

(889.)  In  most  practical  cases  of  Bail  way  bridges  the  highest 

attainable  velocity  is  very  much  below  that  which  we  have 

shown  (882)  to  be  necessary,  in  order  to  obtain  the  maximum 

dynamic  deflection.     This  fact,  together  with  the  resistance 

from  the  inertia  of  the  bridge  itself,  causes  the  deflection  from  a 

rolling  load  to  be  in  most  cases  yery  slightly  in  excess  of  tlie 

staticil  deflection  from  a  dead  load.     Thus,  in  the  case  of  the 

Ewell   bridge   experimented   upon  by  H.M.  Commissioners, 

the  length  between  bearings  was  48  feet,  the  weight  of  the 

bridge  30  tons,  hence  its  inertia  s=  15  tons,  and  the  central 

statical  deflection  produced  by  an  Engine  and  Tender  weighing 

39  tons,  was  *  215  inch.    With  velocities  of 

0  25  80-9  82-3  53*7  75 

feet  per  second,  or, 

0  17  21  22  SG-6  51 

miles  per  hour,  the  central  deflections  were 

•215         .'215  -230  -225  245  -235 

inches  respectively,  which  are  irregular,  and  increase  very 
slightly  with  increase  of  velocity;   this  is  what  might  have 
been  expected,  as  we  Bhall  see. 
(840.)  We  Ixave  shown  (831)  that  at  a  certain  horizontal 
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velocity  the  dynamic  deflection  would  be  double  the  statical  or 

*  216  X  2  =  *  48  incb  in  onr  case :  but  to  produce  that  deflection, 

the  load  must  traverse  the  half-length  of  the  beam  in  the  time 

necessary  for  a  body  to  fall  that  height  by  gravity,  which  in  our 

case  by  Eule  (882)  would  be  (-48  -^  193)  v'=  -047  second. 

The    horizontal    velocity    must    therefore  be  24  -7-  *047  s 

511  feet  per  second,  or  848  miles  per  hour !  whereas  the  highest 

velocity  attained  was  61  miles  per  hour  only,  or  about  ^th 

of  that  necessary  to  produce  the  maximum  deflection  : — ^it  would 

therefore  (888)  have  little  more  effect  than  a  dead  load,  which 

was  the  fact,  as  shown  by  the  experiments.    Moreover,  even  witii 

848  miles  per  hour,  if  that  had  been  attainable,  we  should  not 

have  had  the  fall  dynamic  deflection,  because  the  inertia  of  the 

89 
bridge  would  reduce  it  from  '48  to  '48  x  i.^   .  ^^  =  '811  inch. 

^  ID  +  o9 
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(841.)  **  Experimental  Betubs.*'— The  laws  governing  tiie 
strength  of  cylindrical  tubes  in  resisting  collapse  under  ex- 
ternal pressure  are  so  obscure  that  it  seems  hopeless  to  attempt 
to  discover  them  by  any  theoretical  investigation,  and  we  are 
compelled  to  obtain  Hules  from  experiment.  Nothing  was 
experimentally  known  until  Mr.  Fairbaim  investigated  the 
matter,  and  Engineers  had  to  work  in  the  dark.  The  laws 
obtained  by  Mr.  Fairbaim  are  very  remarkable,  and  differ 
entirely  from  the  theoretical  ones ;  for  example,  with  a  perfectly 
cylindrical  tube  the  strain  generated  by  external  pressure 
would  be  simply  a  crushing  one,  and  the  strength  in  that  case 
should  be  directly  proportional  to  the  thickness,  and  inversely 
as  the  diameter, — the  length  having  no  effect  on  the  result.  But 
Mr.  Fairbaim  found  with  tubes  made  of  thin  wrought-iron 
plates,  that  the  strength  was  directly  proportional  to  ^e  2*19 
power  of  the  thickness,  and  inversely  as  the  length  as  well  as 
iho  diameter. 
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(842.)  Table  182  giyes  the  general  results  of  Mr.  Fairbaim's 
experiments;  they  were  for  the  most  part  on  tubes  without 
oross-joints,  and  with  one  longitudinal  joint  only,  a  fact  which 
it  is  necessary  to  obsenre,  as  the  strength  i»-  affected  by  it  con- 
siderably (848).  Direct  evidence  of  the  effect  of  lengih  is  given 
by  many  of  these  experiments ;  for  example,  Nos.  4,  5,  and  9 
were  all  of  the  same  dimensions  except  the  lengths,  which  were 
in  the  ratio  1, 2,  8 ;  col.  4  shows  that  the  strengths  were  almost 
precisely  in  inyerse  ratio,  or  8,  2, 1,  being  in  fact  140,  93,  and 
47  lbs.  respectiyely. 

(848.)  In  five  cases  the  ends  of  the  tubes  were  free,  in  all  the 
rest  they  were  fixed  as  with  an  ordinary  boiler  flue,  but  either 
way  the  result  was  about  the  same.  We  should  expect  the 
pressure  to  be  less  with  free  ends  than  with  fixed  ones,  but  this 
result  was  realised  in  two  cases  only,  Nos.  1  and  16,  the  differ- 
ence by  col.  6,  being  11*6  and  14  per  cent.  only.  In  the  other 
three  cases  the  free-ended  tubes  were  itronger  than  the  average, 
Nos.  5,  9,  and  19  giving  11*8, 12*7,  and  4*5  per  cent,  respec* 
tively :  it  would  appear  from  this,  that  fixing  ^e  ends  of  a  tube 
has  no  eflect  on  the  strength;  which  again  is  an  unexpected 
result.  No.  28  was  not  collapsed  by  450  lbs.  per  square  inch, 
nor  was  it  likely  to  fail  with  that  pressure,  the  calculated 
collapsing  strain  being  1896  lbs.  by  ooL  5. 

(844.)  The  tube  No.  83  was  of  Steel,  with  which  we  should 
have  expected  greater  strength  than  with  iron,  but  a  comparison 
of  cols.  4  and  5  shows  that  the  calculated  pressure  by  the  Bules 
for  iron  tubes  s=  298  lbs.,  but  experiment  gave  with  steel 
220  lbs.  only,  showing  that  for  some  unknown  reason,  the 
strength  of  the  steel  tube  was  26  per  cent,  less  than  that  of  an 
iron  one,  which  is  an  unsatisfactory  result  requiring  fruiher 
experimental  investigation:  a  similar  anomaly,  however,  wa0 
observed  with  steel  chain  (102). 

From  these  experiments  Mr.  Fairbaim  obtains  for  cylindrical 
wrought-iron  tubes  the  Bules : — 

(846.)  P  =  88*6  X  (100  <)' "  -f-  (L  x  4 

(846.)         p  =  6  •  6  X  (100  0""  -T-  (L  X  d). 

i:    ;  •  ^  ■ ' 
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Tablb  13d. — Of  EzpBBiMBKTS  on  the  Collapsdto  Stienqth  of 

Weought-ibon  Tubes. 


Goll«|Mlng  Pnmmn, 

V 

Lta. 

per  Square  Inco.        | 

TklrW 

« 

K«. 

Diameter^ 

LenfUL 

Bxperl- 
menL 

Oftlcnlft- 
tkm. 

Error 
perCflDl. 

BmmkM. 

iacbet. 

iucii6«. 

inebct. 

1 

•043 

4 

15 

147 

164 

+  11-6 

Euds  free. 

2 

19 

99 

19 

170 

130 

-  23-6 

8 

n 

99 

19 

187 

180 

-     5-0 

4 

S» 

20 

140 

124 

-  11-4 

/60  ioohet  long ; 
I    8  rin«^ 

5 

M 

99 

80 

93 

82 

-  11-8 

6 

)) 

99 

38 

65 

65 

00 

7 

n 

99 

40 

65 

62 

-     4-6 

8 

n 

99 

60 

43 

41 

-     4*6 

9 

)) 

99 

60 

47 

41 

-  12-7 

Endifree. 

10 

» 

6 

29 

47 

56 

+  190 

11 

ft 

99 

80 

48 

54 

+  12*0 

12 

)9 

99 

80 

52 

54 

+    40 

13 

99 

t§ 

80 

65 

54 

-  17  0 

14 

99 

i 

59 

82 

28 

-  12-5 

15 

n 

80 

89 

41 

+    50 

16 

99 

n 

80 

86 

41 

+  140 

Ends  free. 

17 

99 

9» 

89 

82 

82 

00 

18 

99 

99 

40 

81 

81 

0-0 

19 

99 

99 

60 

22 

21 

-    4-5 

Endsfrea 

20 

n 

10 

80 

88 

88 

00 

21 

99 

«) 

50 

19 

19 

0-0 

22 

W  ' 

9» 

12 

80 

22 

27 

+  23-0 

23 

99 

n 

58i 

11 

14 

+  27  0 

24 

*• 

99 

60 

12-5 

13^t 

+    90 

25 

i 

15 

2li 

150 

828 

+1150 

/59{iiioheflloDf  : 
i    2riDgB. 

26 

•14 

9 

87 

262 

392 

+  500 

Lap-joint. 

27 

•14 

99 

87 

878 

892 

+    3-7 

Butt-joiDts. 

28 

} 

9« 

87 

450 

1396 

•• 

Not  oollapsed. 

29 

i 

181 

61 

420 

406 

-    8-8 

SO 

I 

42 

800 

127 

131 

+    81 

Ordinary  jointi. 

31 

t 

99 

420 

97 

94 

-    81 

99                     tt 

82 

i 

144^x14^ 

60 

125 

114 

-    8^8 

33 

i 

15f  X15A 

21i 

220 

298 

+  850 

/8ted,594inohea 
\    long;  2 rings. 

84 

•048 

14     xlO} 

60 

6-5 

5^84 

•  10^14 

85 

i 

'20i   xisj 

61 

127-5 

127^7 

0-0 

W 

(2) 

(3) 

(4) 

(») 

(») 
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In  whioh 

P  s  the  odUapsing  prefisnrey  in  pounds  per  square  inch. 
p  s  the  safe  working    n  »  99 

d  =  diameter  of  tnhe,  in  inches. 
i  ss  thickness  of  plate,  in  inches. 
L  =  length  of  tube,  in  feet. 

The  coL  5  in  Table  182,  from  No.  1  to  No.  29  inclnsiye,  has 
been  calculated  by  this  role. 

(847.)  To  find  (100  if'^  we  most  use  logarithms :  thus,  for 
i  inch  we  have  100  X  '125  =  12*5,  the  logarithm  of  which,  or 
1*09691  X  2*19  =  2' 4022,  the  natural  number  due  to  which,  or 
252 '5,  is  the  2 -19  power  required:  coL  6  of  Table  188  has  been 
calculated  in  this  way.  Thus  to  calculate  No.  29  in  Table  182, 
we  take  (100  X  '25)'''*  »  1152  from  col.  5  of  Table  188,  then 
the  rule  (845)  becomes  P  =  88*6  X  1152  -7-  (5*088  x  IBf)  == 
406  lbs. ;  experiment  gaye  420  lbs. :  hence  406  -7-  420  s  •  967, 
and  1*0  —  *967  s=  *088,  or  an  error  of  —  &*8  per  cent,  as  in 
col.  6. 

(848.)  *"  Tubes  wiih  Ordinary  Biveied  /otnlt.''— It  should  be 
observed  that  the  small  experimental  tubes  from  which  the  rule 
(845)  was  derived  were  yirtuallj  joinUesa,  for  although  they 
had  for  the  most  part  one  longitudinal  seam  or  joint,  the 
ooUapsing  strength  would  not  be  affected  thereby.  When  a 
cylindrical  tube.  Fig.  191,  is  compressed  into  an  eUipsis  the 
parts  from  m  to  «  and  from  o  to  |>  are  flattened,  while  those 
from  «t  to  0  and  n  to  p  are  more  curved,  but  at  some  point 
between  E,  H,  &c.,  the  curvature  and  Uie  position  or  distance 
from  the  centre  are  unchanged.  If^  therefore,  the  longitudinal 
joint  took  up  its  position  at  one  of  those  points,  which  it  would 
be  sure  to  do  in  consequence  of  its  superior  strength  over  other 
parts  of  the  tube,  it  would  be  subjected  to  no  special  strain,  and 
would  add  nothing  to  the  normal  strength  of  a  jointlese  tube. 

(849.)  With  ordinary  boiler  fues  there  ore  usually  numerous 
lap-joints,  both  cross-ways  and  longitudinally :  at  every  cross- 
joint  there  is  of  course  a  double  thickness  of  metal,  which  will 
act  partially  as  a  ring  (862),  not  so  perfect  in  its  effect  as  a 
strong  ring  of  J.  or  L  iron,  bat  still  very  influential  on  the 

2  a  2 
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Tablb  133. — Of  the  Stbbngth  of  Boileb  Tubes  to  Resist  Extebnal 

or  GoLLAPsiNo  Pbessubb. 


With  Ordliury  Jointa. 

WttlMntt  Joints. 

TMrkncn 
of  PUte. 

PxdxL. 

ColUpsiiig 
Strain. 

j>XdxL. 

Working 

Strain. 

PxdxL. 

GolUiMing 

Strain. 

pXdxU 

Woiking 

Strain. 

(100<)»*" 

A 

A 

ft 

n 

2,729 
12,450 
80,250 
56,810 

92,630 
138,100 
193.500 
259,300 

335.500 
422.600 
520,800 
630,200 

750,800 

883,000 

1,027,000 

1,183,000 

0) 

455 
2,075 
5,042 
9,468 

15,440 
23,017 
82,250 
43,218 

55,917 

70,433 

86.800 

105,000 

125,100 
147,200 
171,200 
197,200 

1,860 

8,484 

20,620 

38,720 

63.130 

94,110 

131,900 

176,700 

228.700 
288,000 
354,900 
429,500 

511,700 
601,800 
700,100 
806,300 

(3) 

810 
1,414 

8.440 
6,450 

10,520 
15,680 
22,000 
29,450 

88,120 
48,000 
59,150 
71,600 

85,300 
100,800 
116,700 
134.400 

55*3 
252-6 
613-6 
1152 

1878 
2800 
3924 
5257 

6835 

8609 
10560 
12785 

15225 
17906 
20826 
23990 

strength.  The  increase  due  to  snoh  Joints  can  be  determined 
only  by  experiments  on  the  large  scale  from  flues  in  actual 
practice,  and  from  these  we  find  that  the  rules  in  (845)  require 
to  be  modified  into— 

(850.)         P  «  49-3  X  (100  <)^»  -^  (L  X  cl> 

(851.)         p  =  8-2  X  (100  <)*•"  -f-  (L  X  d). 

Mr.  Fairbaim  made  two  experiments  on  42>inch  flues,  the 
results  of  which  are  given  by  Nob.  80  and  81  in  Table  182 ; 
coL  5  has  been  calculated  by  the  rule,  which  shows  an  error  of 
+  8*1  and  —  8  *  1  per  cent.  respectiTely,  as  in  col.  6. 

(852.)  From  this  it  appears  that  a  tobe  with  ordinary  lap* 
joints  is  49*8  -?-  88*6  =  1*47,  or  47  per  cent,  stronger  than 
similar  tubes  without  any  joints,  or  (what  amounts  nearly  to  the 
same  thing)  with  one  longitudinal  joint  only  (848). 

Although  this  increase  ia  considerable,  it  is  smaU  compared 
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lo  the  effect  of  stnmg  rmgs  at  each  joint :  for  example,  a  boiler 
tube  say  24  feet  long,  would  have  cross-joints  about  eyerj 
8  feet,  and  with  strong  rings,  the  collapsing  pressure  would 
be  24  -7-  8  ss  8  times  that  due  with  a  24-foot  tube,  but  the  lap-* 
joints,  as  we  have  seen,  add  only  47  per  cent,  to  the  strength. 

The  rules  in  (845),  &o^  show  that  P  X  L  X  <i  is  constant  for 
the  same  thickness  of  plate,  hence  we  have  for  tubes  without 
joints  the  rules : — 

(853.)  PxLxd  =  83-6x  (100  O*^ 

(854.)  p  X  L  X  d  =  6-6  X  (100*)^". 

And  for  ordinary  boiler  tabes  with  lajHJoints  longitudinally  and 
cross-ways  the  rules : — 

(856.)  PxLxd  =  49-8x  (100  /)« » 

(856.)  pxljXd=:B'2x  (100  <)» ". 

Tables  188  haTc  been  calculated  by  these  rules,  and  from 
them  the  strength  or  thickness  of  any  tube  may  be  easily  found 
by  the  rules ; — 

(857.)  P  =  To  -f-  (L  X  il). 

(858.)  «  1)  =  Tg  -7-  (L  X  <i> 

(859.)  To  =  P  X  L  X  A 

(860.)  Tg  =  p  X  L  X  <L 

In  which  To  =  the  Tabular  number  for  collapsing  strain  giyen 
by  coL  1  or  col.  3  in  Table  133,  and  Tg  s  the  Tabular  number 
for  the  working  strain  by  col.  2  or  4.  For  example,  to  find  the 
collapsing  pressure  of  a  boiler  flue  with  ordinary  joints, 
42  inches  diameter,  35  feet  long,  and  f  thick,  we  take  Tg  from 
Table  133  at  138,100,  and  we  obtain  138100  -^  (35  x  42)  =: 
94  lbs.  per  square  inch :  see  No.  31  in  Table  132. 

Again,  say  that  we  required  the  thickness  of  plate  for  a  tube 
86  inches  diameter,  20  feet  long,  to  bear  safely  a  working 
pressure  of  45  lbs.  per  square  inch ;  then  the  rule  Tg  =  |>  x  L 
X  ^,  becomes  45  x  20  x  36  =  32400,  the  nearest  number  to 
wliich  in  coL  2  of  Table  133,  is  32^50,  opposite  ^  inch,  the 
required  thickness,  &o. 
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(861.)  Tables  134, 186,  have  been  oalcnlatod  bj  the  roles  in 
(854),  (856),  and  will  further  simplify  oabnlation,  tor  the 
strength  being  inversely  proportional  to  the  length,  we  have 
only  to  divide  the  numbers  given  in  those  Tables  by  the  length 
in  feet  to  find  the  working  pressure  in  any  given  ease.  Thus 
a  flue  2  feet  8  inches  diameter,  and  10  feet  long,  with  thick- 
nesses ^,  f ,  ^  inch,  would  have  working  pressures  of  85, 85,  and 
160  lbs.  per  square  inch  respectively,  &c. 

Table  184. — Of  the  Strength  of  Boiler  Tubes  with  ordinary  Lap- 
JoiNTs,  in  Rbsistimo  External  Pressure. 


ThkAiMM  of  Plate. 

Internal 
Diameter. 
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A 

i 

* 

t 

* 

» 

A 

♦ 

Workli 

igPreiMi 

re  in  Lbs 

.  per  Square  Inob,  for  1  Foot  Loof. 
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1  0 
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789 
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•  • 

•  • 

•• 

•  • 

1  3 
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336 

631 

1030 

1535 

*  • 

•• 

•  • 

1  6 

115 

280 

526 

858 

1279 

1792 

•• 

•  • 

1  9 

240 

451 

735 

1096 

1536 

2058 

.  • 

2  0 

210 

894 

643 

959 

1844 

1800 

2380 

2  8 

187 

350 

572 

853 

1195 

1600 

2149 

2608 

2  6 

168 

315 

515 

767 

1075 

1441 

1864 

2348 

2  9 

287 

468 

698 

977 

1310 

1694 

2134 

3  0 

263 

429 

640 

895 

1200 

1658 

1956 

3  8 

• . 

396 

590 

827 

1110 

1433 

1806 

8  6 

•• 

367 

548 

767 

1006 

1831 

1677 

8  9 

•• 

843 

511 

717 

960 

1242 

1570 

4  0 

•• 

.• 

480 

672 

900 

1165 

1467 

4  3 

•• 

«• 

451 

632 

1096 

1381 

4  6 

•  • 

.. 

426 

597 

800 

1035 

1305 

(862.)  *«  Sirengihening  Bings.'*— Two  of  the  tnhes  in  Table  182 
were  of  considerable  length,  bnt  were  in  effect  reduced  to  short 
tubes  by  two  rings  riveted  on  them.  Thus  No.  4  was  60  inches 
long,  but  became  virtually  20  inches  only,  and,  as  shown  by 
coL  4,  the  strength  was  proporti<Mial  to  the  latter.  No.  26  was 
divided  into  unequal  lengths  by  two  rings,  the  central  length 
being  17  inches  and  the  ends  21^  and  21  *  5  inches  respectively ; 
of  course  in  such  a  case  the  strength  would  be  governed  by  the 
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Table  185. — Of  the  Stbbhgth  of  Boilee  Tubes  without  Joivtb^ 

iu  Resistieo  Exteenal  Pbessure. 


IntCTDAl 

DUmeter. 


ThkknMi  of  PUte. 


i 


ft.   tn. 


1 
1 
1 
1 
2 


0 
8 
6 
9 
0 


Working  PrMBme  in  Uw.  per  Square  Inch,  fbr  1  Foot  Long. 


2  8 

2  6 

2  9 

8  0 

8  8 

8  6 

8  9 

4  0 

4  3 

4  6 


118 

286 

588 

877 

•• 

•• 

94 

229 

430 

701 

1046 

•  • 

79 

191 

858 

585 

871 

1221 

164 

807 

501 

747 

1047 

156 

269 

438 

658 

916 

128 

239 

890 

581 

814 

114 

215 

351 

523 

733 

195 

819 

475 

666 

179 

292 

436 

610 

270 

402 

563 

250 

373 

523 

234 

348 

488 

•• 

327 

458 

•• 

808 

431 

•• 

296 

407 

701 
655 
614 
578 
545 


greatest  length,  or  21*5  inches.  In  many  oases  it  would  be 
oomineroially  economical  to  use  a  thin  plate  with  one  or  more 
rings,  rather  than  a  thick  plate  without  such  support  For 
example,  a  tube  86  inches  diameter,  30  feet  long,  ^  inch  thick, 
would  give  1200  -7-  80  s  40  lbs.  per  square  inch  working  pres- 
sure : — with  a  ring  in  the  centre  tiie  e£footiTe  length  becomes 
15  feet,  and  with  say  }  plate,  the  working  pressure  s  640  -f- 15 
s  42*7  lbs.,  and  this  no  doubt  would  be  the  most  economical. 

(868.)  There  are,  however,  scmie  practical  objections  to  rings 
of  L  or  T  iron  riyeted  or  screwed  on  the  tube  in  the  usual 
manner,  one  being  the  risk  <^  leakage  at  the  riyet-holes,  and 
another,  that  the  thickness  of  metal  at  the  flange  of  the  angle- 
iron  will  cause  the  boiler-plate  at  that  point  to  be  unduly  heated; 
and  a  more  or  less  destructiTe  action  to  be  set  up. 

An  ingenious  method  of  orerooming  both  of  these  objections 
is  shown  by  Fig.  191,  in  which  a  cylindrical  tube,  A,  B,  C,  T>, 
is  collapsed  into  the  oval  B,  F,  G,  H.    This  change  of  form 
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may  be  resisted  in  two  ways,  nunelj,  by  preventiiig  B  and  P 
from  giying  in,  or  G,  H  from  giying  ott< ;  if  G,  H  be  prevented 
from  bulging  out,  E  and  F  will  be  e£feetually  prevented  from 
collapsing.  To  apply  this  principle  to  practice,  thin,  deep  rings 
are  slipped  on  the  tube,  as  at  J  in  Fig.  192  ;  the  sises  will  vary 
with  the  diameter  of  the  tube  and  the  pressure,  and  must  be 
determined  by  judgment ;  for  a  S-foot  tube  f  thick,  they  might 
bo  say  8  inches  deep  and  f  inch  thick.  It  wotdd  be  necessary 
in  most  cases  to  make  the  inside  diameter  of  the  ring  somewhat 
larger  than  the  outside  diameter  of  the  tube,  in  order  to  enable 
it  to  pass  over  the  heads  of  the  rivets,  <&c. ;  in  that  case  narrow 
wedges  would  have  to  be  inserted  at  frequent  intervals,  so  thai 
the  tube  may  be  effectively  supported  by  the  ring. 

OVAL  TUBES, 

(864.)  It  has  been  generally  admitted  that  the  collapsing 
strength  of  an  oval  or  elliptical  tube  may  be  calculated  by  the 
rules  for  cylindrical  ones  by  taking  as  the  effdctive  diameter 
that  of  the  aacukUing  circle,  or  a  drcle  whose  I'adius  is  the  same 
as  that  of  the  flattest  part  of  the  ellipsis  which  is  given  by  the 
rule 

(866.)  d^^A^^a. 

lu  which  A  s  the  major,  and  a  the  minor  axis  of  tiie  oval, 
dj  being  the  effective  diameter  governing  the  strength. 

Thus,  with  No.  35  in  Table  182,  d^  =  20|«  ^  15^  =  27-78 
inches,  and  by  col.  6  of  Table  138  (100  x  •25)*»  =  1162; 

then  the  rule  (846)  beoOTdes  P  =  33  •  6  X 1162 -1- (5  •  083  X  27  •  78) 
=  274  lbs. ;  but  experiment  gave  127*5  lbs.  only,  or  less  than 
half.  Again,  with  No.  84,  <«,  =  14»-r-10i  =19-14  inches, 
then  100  X  '043  =  4*8,  the  logarithm  of  which,  or  0*6335 
X  2*19  =  1-8874,  the  natural  number  due  to  which,  or  24*4 
X  33*6  =  819*84.  Then  the  rule  (846)  beoomee  P  «=  819*84 
-4-(6  X  19*14)  =  8*66  lbs.;  but  experiment  gave  6*5  lbs,only; 
hence  8*66-7-6*5  =  1-32,  or  +  32  per  cent  error. 

(866.)  These  two  experiments  are  all  we  have  on  tubes  de- 
cidedly oval,  for  Nos.  32,  83  were  too  nearly  cylindrical  to  be 
of  much  service.    We  have  seen  that  the  rule  as  applied  to  the 
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cases  we  liaye,  does  not  give  satisfactory  results,  and  if  we 
apply  it  to  extreme  cases  of  very  flat  OTal  tubes  we  should 
obtain  results  that  are  manifestly  incorrect  For  example,  in 
Fig.  195,  A  is  a  tube  12  x  2,  and  B  another,  12  x  1 :  now  by 
the  rule  (865),  B  should  bear  half  only  at  the  pressure  due 
with  A,  but  obviously  there  would  be  no  such  difference  in  the 
strength  as  2  to  1 ;  on  the  contrary,  we  feel  instinctiyely  that 
there  would  be  so  little  difforence  that  practically  they  would 
collapse  with  one  and  the  same  pressure.  Now,  a  rule  that 
fails  with  extreme  cases,  will  be  Tory  likely  to  be  incorrect  in 
all  other  cases,  although  in  a  less  degree ;  in  fact,  the  laws 
goyeming  oval  tubes  difler  entirely  form  those  dominating 
cylindrical  ones,  and  the  two  forms  cannot  be  assimilated  so 
as  to  enable  both  to  be  calculated  by  the  same  rule. 

(867.)  We  have  seen  in  (841)  that,  theoretically  at  least,  the 
strain  due  to  external  pressure  on  a  perfectly  cylindrical  tube 
is  simply  a  enuUng  one.  But  when  an  oval,  A,  B,  0,  D, 
Fig.  191,  is  comprcKed  into  another,  E,  F,  G,  H,  the  curyature 
from  m  to  n  and  from  o  to  |>  is  flattened,  while  from  m  to  o  and 
from  n  to  p  the  curvature  is  increased.  In  either  case,  this 
increase  or  decrease  of  curvature  is  resisted  by  the  natural 
sti&ess  of  the  material,  the  strain  thus  generated  being  a 
iranmene  one. 

Let  Fig.  194  be  a  tube  1x2  inches,  and,  for  the  purpose  of 
illustration,  1  inch  deep,  subjected  to  an  external  fluid  pressure 
in  all  directions.  We  may  assume  that  the  pressure  in  Uie 
direction  of  the  arrows  a,  a,  tends  to  flatten  the  ellipsis  and 
collapse  the  tube,  but  the  pressure  in  the  direction  b,  b,  tends, 
on  the  contrary,  to  restore  the  tube  to  a  circular  form,  and 
to  partially  counteract  the  collapsing  tendency  of  the  pressure 
a,  a.  But  inasmuch  as  the  area  on  which  a  acts  is  in  our  case 
double  that  on  which  h  acts,  the  final  tendency  will  be  to  col- 
lapse. In  all  cases  the  collapsing  pressure  is  a  differential  one, 
being,  in  fact,  the  difference  between  the  strain  due  to  the  two 
pressures  from  a  and  5. 

(868.)  Say  that  the  pressures  a  and  h  were  800  lbs.  per  square 
inch,  then  the  strain  from  a,  a,  acting  on  two  square  inch<  s, 
would  be  300  X  2  =  600  lbs.,and  the  strain  from  &,  b  s  300  x 
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1  =  800  lbs;  bence  the  effect  of  both  is  to  leave  600  -  800  » 
800  lbs.  in  the  direction  a,  a,  or  800  -4-  2  =  150  lbs.  per  square 
inch,  which  has  to  be  resisted  by  the  material  of  which  the  taba 
is  composed. 

Let  Fig.  196  be  a  series  of  oval  tubes  all  of  the  same  minor 
axes  and  thickness  of  plate,  A  being  the  same  as  Fig.  194 :  B 
is  an  oval  tube  1x8  and  1  inch  deep,  the  thidmess  being  the 
same  as  in  Fig.  194,  which  we  found  to  collapse  with  a  differet^ 
tial  or  unbalanced  strain  of  800  Ibe.  spread  over  2  square 
inches :  then,  the  iranwene  strength  being  inversely  as  the 
length  of  the  beam,  with  B  we  should  have  800  x  2  -r-  8  s 
2o0  lbs.  tmbalanced,  to  obtain  which  the  total  pressure  in  the 
direction  a,  a  must  be  800,  and  (,  5  =  100,  leaving  800  — 
100  =  200  lbs.,  as  required,  and  as  this  ia  now  spread  over 
8  square  inches,  we  have  a  gro8$  pressure  of  800  -f-  8  =s  100  lbs. 
per  square  inch,  whereas  with  A  we  had  150  Iba. 

Let  0  be  an  oval  tube  1x4  inches,  and  1  inch  deep,  &c  As 
A  collapsed  with  a  differefUial  pressure  of  800  lbs.,  G  would 
collapse  with  800  X  2  -7-  4  =  150  lbs.,  to  obtain  which  a^  a  ss 
200  lbs. ;  then  5,  b,  being  one  fourth  of  that,  or  50  lbs.,  the 
differential  pressure  =  200  —  50  =  150  lbs.,  as  required.  The 
gross  pressure  200  lbs.  being  now  spread  over  4  square  inches, 
we  have  200  -^  4  =  50  lbs.  per  square  inch. 

Again,  D  is  an  oval  tube  1x5  inches,  and  1  inch  deep,  &c 
A  collapsed  with  a  differential  pressure  of  800  lbs.,  D  would 
therefore  collapse  with  800  X  2  -?-  5  =  120  lbs.,  to  obtain 
which  a,  a  must  be  150  lbs. ;  then  b,  5,  being  one-fifth  of  thai, 
or  80  lbs.,  the  differential  pressure  =  150  -  80  »  120  lbs.,  as 
required.  Here  the  gross  pressure,  150  lbs.,  being  spread  over 
5  square  inches,  gives  150  -7-  5  =  80  lbs.  per  square  inch. 

Again,  E  is  an  oval  tube  1x6  inches,  and  1  inch  deep,  &o. 
A  oollapsad  with  a  differential  pressure  of  800  lbs.,  E  would 
collapse  with  800  x  2  -7-  6  =  100  lbs.,  to  obtain  which  the  gross 
pressure  a,  a  must  be  120  lbs. ;  then  b,  b,  being  one-sixth  of 
that,  or  20  lbs.,  the  differential  pressure  =  120  -  20  =  100  lbs., 
as  required.  Hence  the  gross  pressure,  120  lbs.,  being  spread 
over  6  square  inches^  we  have  120-7-6  =20  lbs.  per  square 
inch* 
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Thus,  with  tiie  fire  oyal  tabes  we  have  oonmdered,  tiie  mmor 
axes  being  1  inch  in  all  caaeB,  and 

The  m%jor  axes  being  s=     2      8      4      5      6  inoheSi, 

The  gross  total  pressores  a  600  300  200  150  120  lbs., 

The  pressures  per  square  inch  =  800  100    50    80    20  lbs., 

the   resnlts  of  these  analytical  investigations  may  be  repre- 
sented by  the  rule : — 

(869.)  P  =  __5^. 

^       ^  (A  -  a)  X  A 

A  ^\  #% 

Thus,  with  an  oval  tnbe  2  x  1>  we  hare  P  s= 


(2  -  1)  X  2  "" 
800  lbs.  per  square  inch: — with  another,  6  x  1»  we  obtain 

P  =  TF-^-Tx — g  =  20  lbs.,  &C.,  Ac,  as  before. 

These  numbers  give  Batias  only  for  the  strength  of  oval 
;ubes  of  rarying  proportions  but  all  of  the  same  thickness  and 
length,  the  special  object  being  to  inrestigate  the  laws  by  which 
the  two  diameters  goyem  the  strength.  Theoretically  the 
strength  should  Tary  as  f  directly,  and  as  d  inyersely,  and  be 
independent  of  the  length  of  the  boiler,  but  we  hare  seen  that 
in  the  case  of  cylindrical  tubes  the  theory  was  incorrect  (841), 
and  we  must  assume,  in  the  absence  of  experiments  on  otsI 
tubes  of  various  lengths  and  thicknesses,  that  the  strength 
of  elliptical  tubes,  like  that  of  cylindrical  ones,  is  directly  as  f^ 
and  inversely  as  the  length ;  we  then  have  the  rule : — 

«70  ^  P  -   aOOyx61-4 

<^^®>  ^-(A-a)xAxL* 

In  which  A  =  the  migor  and  a  s  the  minor  axis  in  inches,  L  s 
;.he  length  of  the  tube  in  feet,  P  s  pressure  in  lbs.  per  square 
inch,  and  I  a  the  thickness  in  inches. 
With  experiment  No.  85  in  Table  182  this  rule  becomes 
(100  X  -25^ "  X  61-4        -^-  ...  .       ^ 

^  =  (20i^l5^)x20fx  5-088  =  ^^^'^  ^^^  '  «^P«^^^*  g»^« 
127*5  lbs.    Again,  with  No.  84,  we  obtain 

(100  X  '048)">x61'4 
^  =    (14  -  lOi)  X  14  X  5  -  ^*^*  ^^' 
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experiment  gave  6*5  lbs. ;  benoe  5*84-4-6*5  =  *8986,  showing 
an  error  of  1-0  -  *8986  =  *1014  or  -  10*14  per  cent 

(871.)  *'Oval  Tubei  with  Oro$s-pnnt$,d:c**^lt  should  be  obeerred 
that  the  multiplier  61  *  4  has  been  derired  from  experimental 
tubes  without  cross-joints,  and  with  one  longitudinal  joint  onlj. 
By  analogy  with  cylindrical  tiibes  (852)  we  may  infer  that  for 
OYal  tubes  on  the  large  scale,  haying  ordinary  lap-joints,  oroaft- 
ways  and  longitudinally,  the  multiplier  would  become  61*4  X 
49*8  -r  83*6  s  90,  and  hence  we  haye  the  rule 


/872  ^  P  -    (100  0""  X  90 


(A  -  a)  X  A  X  L 

(873.)  "  Tube$  SligMy  OvaV'—We  hare  seen  in  (841)  that 
theoretically  the  strain  due  to  external  pressure  on  a  perfectly 
cylindrical  tube  is  simply  a  crushing  one,  but  tbat  practically 
the  strength  is  giyen  by  the  rule  in  (845).  With  a  flat  oval 
tube  the  strain  generated  by  external  pressure  is  a  transrerse 
one,  and  the  strength  is  giyen  by  the  rule  in  (870).  When  the 
form  differs  yery  little  from  a  perfect  cylinder  we  may  suppose 
that  the  strength  will  be  giyen  by  the  former  rule  rather  than 
the  latter.  For  such  cases  and  for  tubes  without  cross-ioints  we 
have  the  rule : — 

(874.)         P  =  33  *  6  X  (100 1)* »  ^  (L  x  ij, 

<2q  being  the  diameter  of  tiie  osculatiDg  circle,  or  A*  4-  a,  as 
explained  in  (864),  and  the  rest  as  in  (845).  For  large  tubes 
with  ordinaxy  lap-joints  the  rule  becomes  :•«- 

(875.)         P  =  49  *  8  X  (100 1)» »  ^  (L  x  ij. 

With  a  certain  ratio  between  the  two  diameters  these  rules 
will  agree  in  their  results  with  those  for  decidedly  oyal  tubes 
in  (870),  as  shown  by  Table  136  ;  thus,  with  a  tube  12  x  9f  X  it 
also  with  24  X  22  X  i,  and  with  36  x  84*07  X  f,  the  two  sets 
ol  rules  agree.  With  oyals  more  nearly  cylindrical  than  those 
sizes  the  rules  in  (845),  (850)  will  goyem  the  strength ;  but 
with  flatter  oyals  the  rules  in  (870),  (872)  will  preyaiL  The 
best  course  in  any  doubtful  case  is  to  calculate  by  both  rulc<s  and 
accept  the  lowest  result  as  correct 
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Tablb  186.^0f  the  Galculatbd  Stbenoth  of  Oval  Tubes  10  feet 

long  to  Brbist  Extkbnal  Pbessurb. 


.v...^ 

OoIkpsiDg  Pressure  in  Lbs.  per 
Square  Inch. 

Combined  Reenlts  of 
thetwoRnles. 

Sim  In  lDUii» 

Ordinary 
Bale  (874). 

KewRole 
(870). 

Ratios. 

Lbs. 

Ratios. 

12X12 

x^ 

70-70 

Infinite 

0-0000 

70-70 

1-0000 

12x11 

xi 

64-77 

129-0 

0-502 

64-77 

•9161 

12  X  10 

xi 

58-92 

64-5 

0-913 

58-92 

•8333 

12  X    9| 

xi 

67-4 

57-4 

1-000* 

57-4 

-8120 

12  X    9 

xi 

63-0 

43 '0 

1-230 

430 

•6082 

12  X    8 

xi 

47-1 

32-5 

1-449 

82-5 

•4600 

12  X    7 

xi 

41  18 

25-8 

1-596 

25-8 

-3650 

12  X    6 

xi 

35-35 

21-5 

(1-644) 

21-5 

-8041 

12  X    5 

xi 

29*46 

18-46 

1-600 

18-46 

•2611 

12  X    4 

Xi 

23-6 

16-15 

1-461 

16  15 

•2284 

12  X    3 

Xi 

17-7 

14-35 

1-233 

14-35 

•2030 

12  X    2 

n 

X  i 

11-8 

12-92 

0-913 

12-92 

•1827 

12  X    1 

Xi 

5-9 

11-75 

0-602 

11-75 

•1662 

24x24 

X  i 

161-3 

Infinite 

0-000 

161-3 

1^0000 

24  X  22  . 

X  i 

147-7 

147-40 

1-000* 

147-4 

•9137 

24  X  18 

xi 

121  0 

49-12 

2-464 

49-12 

-8044 

24x12 

xi 

80-6 

24-56 

(3-281) 

24-56 

•1522 

24  X    6 

X} 

40-3 

16-37 

2-464 

16-37 

•1014 

24  x    2 

xi 

13-5 

13-39 

1007 

13-39 

-0830 

36x36 

X} 

261-8 

Infinite 

0-000 

261-8 

10000 

36  X  34*03 

x| 

247-4 

247-4 

1-000* 

247-4 

•9467 

86x27 

Xi 

196  0 

53-06 

3-69 

5306 

•2030 

86  X  18 

Xi 

130-6 

26-53 

(4-923) 

26*53 

•1015 

36  X    9 

X  t 

65  8 

17-69 

3-69 

17-69 

-0677 

86X    3 

Xi 

21-8 

14-47 

1-506 

14-47 

•0553 

(i> 

(3) 

(8) 

1 

(4) 

(ft) 

(«) 

(876.)  Thus  with  No.  85  in  Table  182  we  obtained  127-7  lbs. 
by  one  rule  (870),  and  274  lbs.  by  the  other  (845) ;  and  we  may 
admit  the  lower  result  to  be  correct ;  a  oonclusion  supported  by 
experiment,  which  gaye  127-5  lbs. 

But  in  experiment  No.  32  we  had  a  tube  very  nearly  cylin* 
drical,  there  being  a  difference  in  the  two  diameters  of  -^  inch 
only.  We  know  beforehand  that  the  role  in  (870)  will  not 
apply  to  such  a  case.    NeTcrtheless,  for  the  sake  of  illustration, 
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*_•*      A  V.*-     i>        (100  X'125r>x  61-4 

we  may  try  it,  and  we  obtain  P  =  ^14^  ,  14^/^  14^  ^  5 

=  1125  lbs. !  or  9  times  the  ezperimenlal  pressure,  which  was 
125  lbs.  only.  By  the  other  role  (845)  the  osculating  circle 
do  =  14H* -4- Hi  =  14 -88 inches;  thenP  =  83-6  x  252-5-4- 
(5  X  14*88)  =  114  lbs.;  hence  114 -^  125  s  -912,  giving  an 
error  of  I'O --912  ='088,  or  -  8-8  per  cent  only;  here 
eyideutly  the  role  in  (848)  is  the  more  correct. 

Again,  in  experiment  No.  83  the  two  diameters  difBored  only 
^  inch ;   here  again  the  rule  in  (870)  will  give  a  pressure 

252*5  X  61*4 

or  nearly  6  times  the  experimental  pressure,  which  was  220  lbs. 
per  square  inch.  By  the  other  role  we  obtain  d^  ss  15f '  -4-  15f^ 
=  16*07  inches,  then  P  =  83*6  X  252*5  4- (1-77  X  16-07) 
=r  298  lbs. ;  hence  298^  220  =  1*35,  or  an  error  of  +  35  per 
cent :  of  course  the  lower  result  is  obTiously  the  more  correct 

(877.)  Table  136  gives  the  strength  of  oval  tabes  of  boiler- 
plate iron  with  different  thicknesses,  and  10  fact  long,  calculated 
by  the  two  rules  for  the  sake  of  comparing  results.  It  is 
remarkable  that  not  only  does  the  ordinary  rule  give  lower 
pressures  for  the  tubes  which  are  nearly  cylindrical,  a  result 
that  was  to  be  expected,  but  does  the  same  with  the  extremdy 
flat  tubes  12  x  1  and  12  x  2,  shown  by  Tig.  195.  In  the 
absence  of  experiment  we  should  instinctiyely  suppose  that  both 
being  such  extremely  flat  tubes,  and  both  having  the  same 
major  diameter,  there  would  be  v&ej  little  diffisrenoe  in  the 
collapsing  pressure,  and  that  the  new  rule  in  (870)  which  gives 
only  12*92 -r  11*75  =  1*10  or  10  per  cent  difference  in 
strength  by  coL  8,  is  more  correct  than  the  ordinary  rule  in  (874), 
which  gives  double  strength,  or  11*8  to  5-9  by  col.  2.  Oom- 
bining  the^A^  rules  we  obtain  col.  5,  in  which  tiie  tubes  from 
12  X  12  to  12  X  9f  have  been  calculated  by  the  rule  for  eylin- 
drvf . '.  'Hbes,  taking  for  the  acting  diameter  the  osculating  circle 
do :  ak  ;^  rest  being  taken  from  col.  3. 

It  will  be  observed  tiiat  small  departures  from  the  perfectly 
cylindrical  form  are  not  very  influential  on  the  strength :  thus 
with  a  tube  12  x  11,  we  have  64*77  -f-  70*7  =  -92,  or  92  per 
cent  of  the  strength  of  a  perfectly  cylindrical  one  12  inches 
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diameter:  another,  12  X  10,  giyes  58*92  -r  70*7  =:  -83,  or 
83  per  eent. 

The  strength  with  ^  indi  thickness  and  a  cylindrical  12-inch 
tube  being  1*0,  would  be  rednced  to  half  with  12  X  8*8  inches; 
to  one-third  with  12  X  6^  inches;  to  one-fourth  with  12  x 
4|  inches ;  to  one-fiith  with  12  x  3  inches ;  and  to  one-sixth 
with  12  X  1  inch.  These  relative  proportions,  however,  must 
not  be  taken  as  establishing  general  ratios  for  other  sizes :  for 
example,  a  tube  12  x  9  X  i  ooUapses  by  coL  6  with  *6082  of 
the  pressure  due  to  a  12-inch  cylinder,  and  we  might  expect 
that  the  same  ratio  would  prevail  for  other  sizes  where  the  pro- 
portions were  the  same ;  but  the  Table  shows,  ooL  6,  that  with 
double  sizes,  or  24  x  18  x  |,  the  ratio  is  *  3044,  or  half  only ; 
and  with  triple  sizes,  or  86  X  27  x  |,  the  ratio  is  -2030,  or 
one-third  only  of  that  with  a  tube  of  one-third  tlie  size  and 
tliickness,  Sse, 

(878.)  Table  132  gives  a  general  comparison  of  experimental 
with  calculated  strengths :  Nos.  1  to  29  were  calculated  by  the 
rule  for  jointless  tubes  (845) ;  Nos.  30,  31  by  the  rale  for  lap- 
jointed  tubes  (850) ;  Nos.  32,  33  by  the  rule  for  slightly  oval 
tubes  (874) ;  and  Nos.  84,  85  by  the  rule  for  decidedly  oval 
tubes  (870).  Omitting  Nos.  25,  26,  which  were  anomalous,  and 
No.  28,  which  was  not  strained  to  tiie  collapsing  point,  we  have 
from  1  to  81  inclusive,  five  whose  error  (coL  6)  s  0 ;  11  gave 
+  errors,  the  sum  of  which  s  131  *4 ;  12  gave  —  errors,  the  sum 
being  114-1.  Hence  131-4  -  114*1  =»  +  17*3,  which  with 
28  comparable  experiments  gives  an  average  error  of  17*3  -4- 
28  =  -h  0*618,  or  less  than  {  per  cent. 

(879.)  *^Facior  of  Safety."  —  For  general  purposes  the 
Factor  6,  as  given  by  Mr.  Fairbaim,  may  be  usually  admitted 
f»r  Boilers  with  both  internal  and  external  pressu^-os,  but  in 
practice  a  much  lower  Factor  is  very  often  permitt.a  with  both 
strains. 

The  two  boilers  Nos.  80  and  31  in  Table  132  were  '  ied 
for  40  lbs.  per  square  inch,  and  were  no  doubt  work^  ^t  that 
pressure,  but,  as  shown  by  coL  4,  the  collapsing  pressures  were 
127  and  97  lbs.  respectively,  giving  as  the  value  of  the  Factor, 
127  -h  40  s  3  2  and  97  -4-  40  =  2*42  only.  It  is  shown  in 
(78)  that  with  internal  pressures,  the  Factor  commonly  uf.cd  in 
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the  best  practice  yaries  from  8*45  to  2*76.  Neverthelees,  it  is 
highly  expedient  whereyer  practicable  to  use  Factor  6,  and  thus 
allow  a  wide  margin  for  fluctuations  in  pressure',  deterioration 
from  mst,  and  other  contingencies,  which  are  onaToidable,  and 
shonld  thus  be  proyided  for. 


CHAPTEE   XXIL 

FAOTOB  OF  SAFETY. 


(880.)  "  Batioi  of  Breaking  WeigM,  Proof  Strain,  and  Working 
Load" — The  Strength  of  Materials  is  nsnaJly  determined  by  the 
ultimate  or  breaking  weight  of  a  specimen,  and  among  the  most 
important  questions  with  which  the  Engineer  has  to  deal  is  Ist, 
to  determine  the  Batio  which  the  working  load  may  safely  bear 
to  the  ultimate  strain, — or  the  "  Factor  of  Safety  " ;  and  2nd,  the 
"  Proof  Strain,"  or  the  extent  to  which  work  should  be  tested  in 
order  to  proye  the  soundness  of  the  materials,  also  the  correct- 
ness of  the  design  and  perfection  of  workmanship  in  the  case  of 
complex  structures. 

In  determining  the  proper  yalue  of  Hie  Factor  of  Safety  so  as 
to  ayoid  unnecessary  strength  on  tiie  one  hand,  and  risk  of  lulure 
from  inadequate  strength  on  the  other,  it  is  necessary  to  con- 
sider, 1st,  the  yarying  conditions  under  which  materials  are 
strained;  and  2nd,  the  yariableness  in  the  quality  of  the 
materials  themselyes.  These  will  be  yery  influential,  so  that 
the  yalue  of  the  Factor  will  not  be  constant  for  all  cases,  and 
the  whole  matter  is  thereby  complicated  considerably. 

(881.)  «  Variable  Cofiditions  of  5<ratii."— We  may  haye,  Ist, 
a  perfectly  dead  load,  or  statical  strain ;  2nd,  a  rolling  load  in 
rapid  motion,  as  in  the  case  of  a  Bailway  Bridge,  where  the 
strain  becomes  more  or  less  a  dynamic  one,  but  under  certain 
Limitations  dependent  on  the  horizontal  ydocity;  8rd,  cases 
where  the  load  is  intermittent,  being  alternately  laid  on  and 
taken  off  repeatedly,  as  in  the  case  of  cranes,  single-acting 
pump-rods,  Ac. ;  4thy  alternating  strains  in  opposite  directions, 


FAOTOB  OF  safstt:  tabiablb.  465 

M  in  tlie  case  of  the  beam,  piston-rod,  &c.,  of  ordinary  steam- 
eugines,  double-acting  pmnp-rods,  <&o. 

(882.)  **  Variablene$$  in  MaUriah.** — Besides  the  variations 
due  to  methods  of  loading,  there  are  at  least  three  others  due 
to  the  materials  themselyes,  and  we  have,  6th,  the  natural 
variableness  in  the  strength  of  all  materials,  even  those  of 
apparently  the  same  kind  and  quality  (957) ;  6th,  deterioration 
from  age  and  decay  in  such  materials  as  timber,  ropes,  &c.,  and 
from  rust  in  the  case  of  wrought  iron,  especially  when  exposed 
to  the  weather;  and  7th,  the  effect  of  thickness  or  size  of 
casting  with  cast  iron,  and  probably  other  cast  metals  (931). 

It  will  not  be  necessary,  however,  to  consider  each  case  in 
detail  under  those  several  heads;  for  practical  purposes  it 
will  be  more  convenient  to  take  a  Factor  so  high  as  to  cover 
many  of  these  contingencies,  and  we  may  then  reduce  the 
oases  to  1st,  a  dead  load ;  2nd,  a  rapidly  rolling  load ;  Brd,  an 
intermittent  load;  and  4th,  an  alternating  strain  in  opposite 
directions.  Bee  (960)  for  Beal  and  apparent  "Factors  of 
Safety." 

We  shall  in  this  Chapter  confine  ourselves  to  the  simple  case 
of  a  dead,  or  statical  load ;  having  found  the  proper  value  of 
the  Factor  of  Safety  for  that  case,  the  modifications  necessary 
for  other  conditions  will  be  considered  in  the  Chapters  on 
Fatigue  (903),  Impact  (774),  &c. 

(883.)  The  earlier  writers,  Tredgold  and  others,  finding  that 
with  ^rd  of  the  breaking  weight,  beams  of  cast  iroo,  (Sro.,  began 
to  show  signs  of  distress  by  taking  a  permanent  set  (752), 
assumed  that  strain  to  be  the  Umii  of  etaaticity,  and  therefore 
that  3  should  be  the  Factor  of  Safety  for  cast  iron.  It  was 
considered  that  with  loads  not  exceeding  that  limit  materials 
would  be  quite  uninjured,  but  that  with  greater  loads  a  beam 
would  go  on  increasing  in  deflection  with  time,  until  at  a  period 
more  or  less  remote  it  would  finally  break.  The  Factor  3, 
based  on  these  conclusions,  has  been  inmost  universally  accept<  d 
for  dead  loads  by  practical  men,  although  Mr.  Hodgkinson  s 
experiments  have  shown  long  ago  that,  1st,  with  cast  iron 
particularly  there  is  no  such  point  as  the  Umii  of  dasiiciiy,  or, 
any  strain,  however  small,  with  which  there  would    be    qq 
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permanent  set  (752),  and  2nd,  that  beams  and  pillars  of  cast 
iron  will  bear  not  ^rd  only,  but  i^ths  of  the  breaking  weight 
safely  and  without  increase  of  deflection  for  years  (905). 

(884.)  From  this  last  statement  it  wonld  appear  tiiat  the 
Factor  of  Safety  might  be  very  much  less  than  8,  say  2,  the 
beam,  Ac.,  being  then  loaded  to  half  the  breaking  weight,  and 
perhaps  this  might  be  permitted  if  we  knew  perfectly  the  actual 
ultimate  strength  of  the  particular  specimen  to  be  dealt  with, 
but  this  must  always  be  an  unknown  quantity,  being,  in  fact, 
incapable  of  proof  except  by  loading  that  specimen  up  to  the 
breaking  point,  which  of  course  would  not  answer  the  purpose. 

From  the  variableness  in  the  qualities  of  most  materials,  the 
assumed  Factor  8  becomes  often  2,  or  even  1^  in  practice : — ^for 
example,  say  we  would  calculate  the  transverse  strength  of  a 
bar  of  cast  iron  8  inches  square.  It  is  shown  in  (988)  that  the 
mean  specific  strength  of  a  8-inch  bar  is  only  62  per  cent,  of 
the  strength  of  1-inch  bars  from  which  the  ordinary  Multiplier 
is  usually  derived  :  moreover,  by  (957)  and  Table  149  the 
minimum  transverse  strength  is  diown  to  be  only  79  per  cent* 
of  the  mean  strength,  of  which  that  multiplier  is  the  exponent. 
Now  if  it  should  happen  that  our  8-inch  bar  is  of  weak  iron, 
the  Factor  8  would  really  become  in  effect  8  X  '62  X  '79  » 
1  *  47,  or  les$  than  half  its  assumed  value.  Considering  possible 
but  unknown  contingencies  from  mode  of  loading  and  other- 
wise, it  is  evident  that  even  the  Factor  8  would  in  that  case  be 
too  low  for  safety. 

(885.)  **  Cast  /ron."— The  effect  of  size  or  thickness  of  casting 
is  thus  shown  to  be  so  influential  that  it  becomes  expedient  to 
consider  it  separately  in  each  particular  case,  because  if  we 
adopted  a  Factor  sufficiently  high  to  cover  this  and  all  other 
contingencies  in  the  case  of  large  castings,  that  Factor  would 
be  higher  than  necessary  for  ordinary  sizes,  and  wonld  lead  to 
a  costly  excess  of  strengUu  Adopting  that  course  but  allowing 
for  variableness  as  shown  by  Table  149,  then  the  Factor  8  for 
transverse  strength  becomes  in  effect,  with  weak  bars  8  X  *79 
=  2  87 ;  for  tensQe  strength,  8  x  '79  =  2*87  also;  and  for 
crushing  strength,  8  X  '67  =  2*0.  These  reduced  values  being 
admitted  as  sufficient  for  safety,  we  may  adopt  8  as  the  Factor 
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for  all  BtrainB  with  ordinary  thiokneBses  of  oast  iron,  applying 
subsequently  the  correction  for  size  of  casting  where  necessary 
(932).  For  example,  with  a  oast-iron  girder  whose  breaking 
weight  calculated  by  ^e  ordinary  Multiplier  (885)  is  80  tons, 
we  have  80  -4-  8  =  10  tons  safe  load  if  the  thickness  of  metal 
differs  little  from  1  inch ;  but  if  the  thickness  (of  the  bottom 
flange  more  particularly)  is  about  2  indies,  we  have  10  x  *72 
=  7*2  tons;  and  if  8  inches  thick,  then  10  x  *62  =  6*2  tons 
per  square  inch  safe  dead  load* 

(886.)  **  WrougJU  Jrafi.''^The  Diagram,  Fig«  215,  shows  that 
under  tensile  and  compressive  strains  wrought  iron  practically 
fails  with  12  or  18  tons  per  square  inch,  the  extensions  and 
compressionB  becoming  exoessiTe  and  increasing  with  Urne. 
The  mean  tensile  breaking  weight  is  25*7  tons^as  shown  by 
Table  1 ;  eyideniiy,  therefore,  the  iron  begins  to  be  crippled  with 
half  the  breaking  weight,  and  2  would  be  too  low  for  the 
Factor  of  Safety  even  if  we  were  sure  that  the  iron  was  of 
average  quality.  Besides^  Table  149  shows  that  if  the  bar 
happens  to  be  of  weak  iron,  Factor  2  would  really  become 
2  X  '77  =  1*54,  and  the  bar  would  be  very  much  overstrained. 
Factor  8  becomes  8  X  *77  =  2*8^  which  as  the  diagrams  show 
by  *  *  may  be  safely  permitted. 

We  may  therefore  admit  8  as  the  Factor  of  Safety  with  all 
strains  on  wrought  iron : — thus  the  safe  tensile  strain  becomes  say 
25*7 -T- 8=  8*6  tons  per  square  inch  with  bar  ircm;  and 
21-6  -T-8  =  7*2  tons,  with  plate  iron,  fto. 

(887.)  ^^  Steel"  —  The  elasticity  of  steel  under  transverse 
strains  is  wonderfully  perfect  as  shown  by  tiie  Diagram, 
Fig.  211,  where  a  bar  oi  untempered  steel  shows  no  i^preciable 
signs  of  distress  with  even  f  ths  of  the  ultimate  strain,  or  that 
wiati  which  the  bar  sinks  down  ccHnpletely.  In  such  a  case  we 
might  admit  that  the  bar  might  Ibe  loaded  safely  to  ^  the 
ultimate  strength,  or  that  the  Factor  might  be  =  2.  But 
Table  149  shows  that  the  variableness  in  the  tensile  strength 
of  steel  is  very  great,  namely  *  68,  the  mean  strength  being  1  *  0, 
hence  if  a  weak  bar  is  loaded  with  ^  the  ultimate  load  duo 
to  an  acerage  bar  it  would  evidently  be  strained  to  j^  -4-  *  68 
f  *  78,  or  but  little  less  than  |  of  its  own  ultimate  strength^ 
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and  this  would  be  too  near  the  crippling  strain  to  be  admitted 
safely. 

We  may  therefore  allow  8  as  the  Factor  of  Safety  with  all 
strains  on  Steel :  with  a  weak  bar  this  would  in  effect  be  reduced 
to  8  X  *  68  =  2,  giving  thus  the  safe  load  at  ^  the  ultimate 
strength,  and  this,  as  the  diagrams  show,  may  be  permitted 
safcily. 

(888.)  '*  Tini(^."— With  Timber  it  is  necessary  in  fixing  the 
value  of  the  Factor  of  Safety,  to  provide  not  only  for  variable- 
ness in  the  strength  common  to  all  materials,  but  also  for 
deterioration  from  age  and  for  decay  from  exposure  to  the 
elements,  which  is  quite  another  matter.  To  cover  all  these 
contingencios  it  becomes  expedient  to  adopt  a  higher  Factor 
than  would  otherwise  be  necessary :  we  will  take  it  at  5  as  a 
mean  for  dead  loads. 

(889.)  "  Effect  of  Age."*— The  effect  of  age  may  be  ascertained 
approximately  from  tiie  experiments  in  Table  1 : — Mr.  Bevan 
found  as  a  mean  of  two  experiments  the  tensile  strength  of 
ordinary  Oak  to  be  17,400  lbs.  per  square  inch,  while  old  Oak 
gave  14,000  lbs.,  or  80  per  cent  By  Table  149  the  minimum 
tensile  strength  is  *72,  the  Factor  5  would  therefore  in  the 
ca^'C  of  old  and  weak  oak  be,  in  effect,  reduced  to  5  X  *  8  X  *  72 
=  2  *  88,  which  however  is  not  too  low  for  safety.  The  tran^ 
verse  strength  of  young  oak  or  value  of  Mt  is  964  lbs.,  and  of 
old  oak  660  lbs.,  according  to  the  experiments  of  Tredgold, 
hence  old  oak  is  only  68  per  cent  of  the  strength  of  young  oak, 
and  the  minimum  transverse  strength  being  '72  by  Table  149, 
Factor  5  is  in  effect  reduced  to  6  x  68  x  *72  =  2*45  in  the 
case  of  old  and  weak  oak,  not  very  different  from  the  result  we 
obtained  from  the  tensile  strength,  which  came  out  2  *  88. 

llie  mean  tensile  strength  of  Teak  is  15,090  lbs.  per  square 
inch,  but  of  old  Teak  8200  lbs.  only,  or  55  per  cent :  hence 
Factor  5  becomes  in  effect  5  X  *55  x  '97  =  2*67. 

We  have  here  taken  extreme  cases;  with  ordinary  care  in 
selection  Timber  need  never  be  weaker  than  we  have  assumed, 
and  Factor  5  may  be  taken  as  sufficient  for  safety  for  all  strains 
on  timber. 

(890.)  ''Effect  of  Decay.''  —  The  effect  of  decay  on  the 
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strength  of  timber  exposed  to  the  destraotiye  action  of  the 
elements  is  very  diffionlt  to  estimate,  there  being,  in  fetet,  no 
limit  to  the  extent  to  which  the  material  may  be  weakened  from 
that  cause.  Mr.  Bevan  found  that  Oak  from  an  old  pile  taken 
out  of  the  bed  of  a  riyer,  had  a  tensile  strength  of  4500  lbs.  per 
square  inch  only,  which  is  28  per  cent,  only  of  the  mean  strength 
of  sound  oak.  If  it  is  deemed  necessary  in  any  structure 
exposed  to  air  and  water,  to  provide  for  the  erentuality  of  decay, 
the  Factor  of  Safety  should  not  be  less  than  10  for  a  dead 
load,  when  the  mean  strength  of  sound  timber  is  taken  as  the 
basis  of  calculation : — evidently  in  the  case  of  Mr.  Sevan's  oak 
pile  that  factor  would  in  effect  be  reduced  to  10  X  *23  =  2*3. 

(891.)  ''Stoney  SlaUy  Brickwork,  <fcc."— Except  for  the  crush- 
ing strain,  our  experimental  knowledge  of  these  materials  is 
limited,  and  we  have  little  else  but  judgment  to  guide  us  in 
fixing  the  value  of  the  Factor  of  Safety  :<-they  are  all  weak  in 
resisting  Impact,  and  as  in  many  cases  an  unexpected  blow  may 
have  to  be  borne,  it  will  be  well  to  make  the  Factor  higher 
than  would  otherwise  be  necessary,  say  4.  Table  149  shows 
that  for  brick  exposed  to  transverse  strains  4  may  become  in 
effect  4  X  *  76  s  3  with  a  weak  specimen ;  and  that  for  crush- 
ing strains  4  may  be  reduced  to  4  x  *  5  s=  2  in  the  cuse  of  Red 
Sandstone;  and  to  4  x  '58  =  2*32  in  the  case  of  Granite. 
These  reduced  numbers  show  that  it  is  not  prudent  to  adopt  a 
Factor  lower  than  4  for  these  materials* 

(892.)  OoUecting  these  results,  we  obtain  for  ordinary  cases 
the  series  of  Ratios  and  Factors  of  Safety  in  Table  137. 
Special  cases,  which  are  very  numerous,  require  special  Factors 
obtained  direct  from  experience,  and  this  is  very  often  the  only 
safe  course;  the  modifying  circumstances  are  in  practice  so 
numerous  and  so  comply  that  satisfEbctory  results  are  not  to  be 
obtained  in  any  other  way.  Table  138  gives  the  Ratios  of  the 
Breaking,  Proof,  and  Working  Loads,  with  special  reference  to 
Railway  Bridges,  &c*,  according  to  the  judgment  of  our  most 
eminent  Engineers,  as  given  in  Evidence  before  H.M.  Com- 
missioners. Of  these,  R.  Stephenson,  W.  Fairbaim,  J.  Hawkshaw, 
J.  Oubitt,  and  P.  W.  Barlow,  have  adopted  the  Factor  6,  as  the 
best  for  general  Railway  purposes.    It  is  shown  in  (491)  that 
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Tablb  187.— Of  the  Ratios  of  the  Bbeakikg  Wbioht,  Peoof  Strain, 
and  Working  Load  for  dififerent  Materials;  also  the  Factor  of 
Savrtt  :  all  for  Dead  Loads. 


Kind  affllaierlaL 


■  •      *  •      •  • 


Tempered  Bteel  Spring 

Ordinary  Wrought  Iron,  Steel*  Oastl 

Iron,    Cast    and  Wron^t   Lead,; 

Oopper,  Brass,  &o.   .. 
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Table  188. — Of  the  Eatiob  of  the  Brbakino  Proof  and  Workiko 
Loads  on  Beams,  according  to  different  Authorities. 
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with  very  large  strnotures,  the  highest  pasiible  Factor  =  4  being 
limited  by  the  great  weight  of  the  Beam  itself. 

PROOF  STRAIN, 

(893.)  The  great  object  of  testing  or  proTing  Materials  is  to 
obtain  thereby  a  guarantee  that  they  will  safely  bear  the  per- 
manent load  assigned  to  thenL  To  secore  that  purpose  satis- 
foctorily  it  will  not  suffice  to  test  up  to  the  working  load  only : 
it  is  necessary  to  allow  an  excess  of  strength  to  ooTer  the 
possible  contingencies  of  irregularities  in  loading,  or  imper- 
fection in  quality.  In  considering  the  proper  yalue  of  the 
^'  Proof  Stniin  "  there  are  two  different  bases  to  calculate  from, 
Ist,  by  making  the  Proof  Strain  a  given  fraction  of  the  Break- 
ing Weight,  and  2nd,  by  making  it  a  giyen  multiple  of  the 
working  load.  If  the  Factor  were  constant  for  all  materials, 
the  two  methods  would  be  identical  in  their  results ;  but  as  we 
have  seen,  that  Factor  has  a  variable  value,  which  alters  the 
case.  Thus,  say  we  take  the  Factor  at  3,  and  allow  the  Prool 
Strain  to  be  half  the  breaking  weight;  then  the  Breaking, 
Proof,  and  Working  Strains  would  be  in  the  ratio  1,  j^,  ^,  the 
Proof  Strain  being  j^  -7-  ^  =  1  *  60,  or  50  per  cent  in  excess  of 
the  working  load.  But  with  Factor  5,  if  we  made  the  proof 
strain  half  the  breaking  weight  as  before,  we  should  evidently 
have  1,  j^,  ^  as  the  ratios  of  the  three  strains,  and  in  that  case  the 
proof  strain  would  have  been  j^  -£-  ^  s  2*  oO,  or  150  per  cent,  in 
excess  of  the  working  load. 

(894.)  Considering  that  the  special  object  of  testing  has 
direct  reference  to  the  safe  endurance  of  the  working  load,  it 
seems  expedient  to  take  that  load  as  the  basis,  rather  than  the 
breaking  weight 

The  earlier  authorities  considered  that  ^rd  of  the  breaking 
weight  was  the  '*  limit  of  elasticity,**  and  that  materials  would 
be  permanently  injured  by  heavier  strains.  Although  that  con- 
clusion has  been  proved  to  be  incorrect  (883),  the  notion  still 
lingers  in  the  minds  of  practical  men,  some  of  whom,  such  as 
Brunei,  object  to  the  testing  of  materials  beyond  the  permanent 
working  load  which  they  are  intended  to  carry.  This  would, 
however,  be  an  obviously  unsafe  practice,  for  theie  might  be 
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some  latent  defect  in  design  or  quality,  such  that  the  stmctnra 
would  break  with  a  strain  very  little  in  excess  of  the  workiiig 
load,  and  if  in  practice  that  load  should  from  some  unexpected 
cause  be  a  little  greater  than  was  assigned  to  it,  utter  &ilure 
tnight  result  It  is  therefore  highly  necessary  that  the  Proof 
Strain  should  be  considerably  in  excess  of  the  working  load,  so 
as  to  leave  a  margin  for  contingencies.  On  the  other  hand,  it  is 
not  prudent  to  overstrain  the  material : — ^Mr.  Fairbaim  says,  *'  I 
am  not  an  advocate  for  testing  girders  much  beyond  their  p^- 
manent  load " ;  however,  he  takes  the  working  load  at  ^  or  ^ 
of  the  breaking  weight,  and  the  proof  strain  at  ^  or  ^  of  the 
breaking  weight  Hence  the  proof  strain  would  be  in  one  case 
^  -4-  ^  =  1  *  33,  or  33  per  cent.,  and  in  the  other  case  j^  -7-  ^  = 
1  *  50,  or  60  per  cent,  in  excess  of  the  working  load. 

(895.)  Most  of  the  Engineers  whose  opinions  are  given  in 
Table  138,  consider  half  the  breaking  weight  to  be  the  extreme 
limit  to  which  materials  should  be  tested.  If  we  admit  that  the 
•)*roof  Strain  should  be  50  per  cent,  in  excess  of  the  workin^; 
load,  then  with  Factor  3  we  should  have  1  -f-  3  X  1*50  =  *5, 
or  half  the  breaking  weight,  which  agrees  with  the  opinion  of 
the  eminent  Engineers  in  that  Table.  Moreover,  the  various 
Diagrams  and  Tables  show  that  with  a  strain  of  half  the  break- 
ing weight  there  is  no  excessive  deflection  or  permanent  set» 
which  proves  that  the  materials  are  not  overstrained.  With 
Factor  4  we  should  have  for  the  proof  strain  1  -i-  4  X  1  *  50  =s 
•376,or|ths;  and  with  Factor  5, 1  -f-  5  X  1-50  =  -3,  or  ^Hhs 
of  the  breaking  weight  respectively ;  being  in  both  cases  less 
tlian  half. 

We  may  therefore  admit  that  the  Proof  Strain  should  be 
50  per  cent,  in  excess  of  the  permanent  or  working  load,  giving 
thus  a  good  margin  for  contingencies,  without  unduly  straining 
the  materiaL 

ON  TEST-BABS,  BTO. 

(896.)  **  Factor  determined  hy  ^e<^&af9.*'— In  large  contracts 
fpr  cast-iron  girders,  sleepers,  &c.,  for  Bailway  and  other  par* 
poses,  it  is  usual,  in  order  to  secure  a  high  standard  of  strength, 
and  uuiformity  therein,  to  have  test-bfljrs  cast  from  the  same 
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iron  as  that  nsed  for  the  Girders,  usually  two  or  three  times  a 
day  at  given  intervals.  These  s«imple  test-bars  are  then 
subjected  to  transverse  strain,  and  the  breaking  weights  are 
required  to  come  up  to  a  certain  standard  load  fixed  by  the 
Engineers,  the  Girders  being  rejected  if  the  test-bars  fsdl  to 
come  up  to  that  standard.  Thus  the  ^  Factor  of  Safety "  is 
detenmued  by  Test-bars. 

Another  test-standard  is  to  give  a  certain  minimum  teMtle 
strength  for  the  iron,  in  which  case  the  iron  used  for  the 
girders  is  cast  at  intervals  as  before  in  forms  suitable  for  being 
torn  asunder,  and  is  required  to  bear  a  given  strain  per  square 
inch. 

(897.)  It  has  been  doubted,  however,  whether  the  Ftrength  of 
girders  of  ordinary  sections  will  be  r.imply  proportional  to  the 
transvorse  strength  of  such  '^  Test-Bars,"  or  to  the  tensile 
strength  of  the  iron  as  thus  taken.  Mr.  Berkley  made  some 
valuable  experiments  for  the  purpose  of  settling  this  question, 
the  reduced  results  of  which  are  given  by  Table  139.  The 
girders  were  all  of  the  ordinary  double-flanged  type  recom- 
mended by  Mr*  Hodgkinson  and  used  in  his  experiments,  the 
depth  being  &|-  inches  and  the  length  4^  feet  between  bearings, 
the  other  dimensions  are  given  by  Figs.  197, 198,  199.  Thus 
No.  4  broke  with  16,730  lbs.,  or  8346  lbs.  per  square  inch  of 
sectional  area,  when  the  test-bar  (cast  from  the  same  iron), 
2  inches  deep,  1  inch  wide,  broke  with  25  cwt.  in  the  centre, 
and  the  tensile  strength  =  7*  142  tons  per  square  inch. 

(898.)  By  judicious  mixture  a  stronger  iron  was  obtained 
which  gave  36  cwt.  for  the  transverse  strength  of  test-bar,  and 
a  tensile  strength  of  13*3  tons  per  square  inch,  as  in  No.  6 ; 
and  the  question  was  whether  the  girders  would  be  stronger  in 
the  ratio  of  the  transverse  strengths  36  to  25,  or  in  that  of  the 
tensile  strengths  13*3  to  7*142.  By  the  test-bar  ratio  the 
girder  in  the  strong  iron  should  break  with  8  U6  x  36  -f-  25 
s=  4818  lbs.  per  square  inch  of  section,  but  the  actual  breaking 
weight  was  5809  lbs.,  hence  4818  -f-  5309  =  *908,  showing 
a  deficit  by  the  test-bar  Batio  of  1*0  -  '908  =  -092,  or  9*2 
per  cent. 

Again:  by  the  tensile  ratio  we  obtain  3346  x  13*3 -r  7*112 
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Tablb  139. —  Of  the  Relatioks  between  the  Stsekgih  of 

same  Ibon  in 


Area  of 

Section 

in  Square 

Indiea. 

BreakinR  Weight 
faiLba. 

Teit- 
Cwt 

Strain  per  Square 

Galonlated  fhiOi 
Tert-ban. 

Befenaoe. 
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''q  In.of 

Teiune. 

Galcn- 

UlPd 

Cmtfhfng. 

Ll)a.pef 
Sq.  fn.of 
Section. 

encepef 
Oett. 

Fig.  197 

19 

4-5 

»9 
99 

14,462 
22,400 
22,400 

3214 
4977 
4977 

25 
80 
83| 

7-142 
10-25 
11-75 

430 
58-9 
57-6 

8857 
4307 

-22-5 
-13-5 

Fig.  198 

»» 
n 

50 
•» 

»9 

16,730 
26,320 
26,544 

3346 
5264 
5809 

25 
80 
86 

7-142 
10*86 
13-80 

430 
50-2 
58-0 

4015 
4818 

-23-8 
-  9-2 

Fig.  199 

M 
99 

6-4 

99 
99 

26,096 
31,920 
40,320 

4075 
4988 
6800 

25 
80 
88 

7  142 
10-50 
13-94 

480 
54  8 
61-4 

4890 
6194 

1 

-2-0 
-  1-7 

(0 

(») 

(3) 

(*) 

(») 

(«) 

(») 

(8) 

(•) 

=  6231  lbs.  per  square  inoh  of  section,  but  the  tctual  breaking 
weight  was  5309  lbs.  only,  benoe  6231  -r-  5809  =  1-174  or 
17*4  per  cent  in  eescesB  by  the  tensile  Batio. 

(899.)  The  cols.  8,  9,  10, 11  in  Table  189  haTe  been  oalcn- 
lated  in  this  way,  and  show  that  the  strength  of  the  girders  do 
not  follow  precisely  or  eyen  yery  nearly  the  ratio  of  the  tran^ 
yerse  strength  of  the  iron  as  indicated  by  test-bars,  neither  does 
it  follow  the  ratio  of  the  tensile  strength  of  the  iron.  The  test- 
bars  or  beams  giye  the  best  results,  and  the  safest,  being  always 
le$8  tlian  the  experimental  strengthjof  the  girders,  yarying  from 
—  1*7  to  —  23*8  percent.,  as  in  coL  9.  The  oalcolations  from 
the  tensile  strength  giye  in  four  cases  out  of  six,  errors  in  excess, 
in  one  case  to  the  extent  of  26  per  cent.,  as  in  cd.  11.  We 
should  haye  expected  that  with  girders  of  such  a  section  failure 
would  ensue  from  the  rupture  of  the  bottom  flange  under  tensile 
strain,  and  that  the  strength  would  be  dominated  by  the  tensile 
rather  than  by  the  transyerse  strength  of  the  iron,  but  expert* 
ment  shows  that  this  is  not  the  case. 

(900.)  With  Mr.  Stirling's  toughened  cast  iron  (938)  the 
mean  transyerse  strength  of  test-bars  showed  an  increase  of 
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Girders,  and  the  Teansvebsb  and  Tensile  Strength  of  the 

TE^T  BARS. 


Culcnlatcd  from 
TeusUe  Sirtnfih. 

Idctmw  In  Strength  per  Gent 

LlM.prr 

Square  Inch 

ofSecUon. 

l)Ifr<mice 
percent. 

Tensfla. 

Ornihing. 

Test-bar. 

Girder. 

Authority. 

4613 
5288 

5088 
6231 

5990 
7931 

(10) 

-  7-2 
+  6-2 

•  * 

-  3-4 
+  17-4 

4- 20-1 
4-26-0 

000 
43-5 
64-5 

00*0 
52-0 
86-2 

00-0 

47-0 

95-1 

(la) 

00 
37 
34 

00 
17 
85 

00 
26 
48 

(18) 

00 
20 
34 

00 
20 
44 

00 
20 
52 

(M) 

000 
51-7 
51-7 

000 
57-8 

58-7 

000 
22-4 
54-6 

(16) 

Fairbeirn. 

Berkley. 

Berkley. 

Fairbairn. 

Berkley. 

Berkley. 

Fairbairn. 

Berkley. 

Berkley. 

60  per  cent,  over  ordinary  cast  iion,  while  the  tensile  test  gave 
74  per  cent.,  as  in  col.  5  of  Table  148 ;  bat  when  cast  in  large 
girders  of  Mr.  Hodgkinson's  form,  the  increase  was  only 
86*6  per  cent.,  as  shown  by  Mr.  Owen's  experiments  in 
Table  68.  In  that  case,  therefore,  it  is  eyidently  unsafe  to 
calculate  the  strength  of  the  girders  from  either  the  transverse 
or  tensile  test-bars.  This  is  the  more  remarkable  becanse  it  is 
the  reverse  of  Mr.  Berkley's  resolts  with  ordinary  iron,  where 
the  tmnsverse  test-bars  gave  too  low  a  resolt,  the  mean  of  col.  9 
in  Table  189  being  —  12*  1  per  cent.  But  with  Stirling's  iron 
the  transverse  test-bars  gave  60  —  86*6  s=  —  28*4,  and  the 
tensile  74  -  86*6  s  -  87*4  per  cent,  too  high  (940). 

(901.)  It  is  evident  from  all  this,  that  the  ordinary  test-bar, 
and  tensile  tests  are  unsatisfactory  :  a  more  reliable  test  would 
be  given  by  the  use  of  "  Unit "  girders,  as  in  (485),  that  is  to 
say,  by  making  a  model  girder  to  a  small  scale  with  precisely 
the  same  cross-sectional  proportions  as  the  full-sized  girders, 
and  calculating  the  latter  from  that  of  the  model  in  the  manner 
explained  and  illustrated  in  (488). 

(902.)  In  cols.  12, 18, 14, 15  of  Table  139,  the  effect  on  tha 
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Girder  of  a  given  increase  in  the  Tensile,  Crosliing,  and  Trana- 
▼erse  strengths  of  the  iron  is  shown  more  dearly.  Thns  witli 
Nos.  8,  9,  we  find  that  while  the  tensile  strength  is  increased 
47  per  cent,  the  test-bars  are  20,  and  the  girders  22  *  4  per  oent^ 
A  further  increase  in  the  tensile  strength  of  95  *  1  per  cent., 
produces  62  per  cent  in  the  test-bars,  and  54  *  6  per  cent,  in 
the  girders,  &c  The  crushing  strain  in  col.  7  was  caieulated 
from  the  experimental  tensile  and  transverse  strengths  bjr  the 
Bule  (498)|  in  the  absence  of  direct  experiment. 


CHAPTER  XXIII. 

FATIGUE  OF  MATEBIALS. 


(903.)  ^  Oenerdl  Principles.'* — Experiments  have  shown  that 
when  materials  are  subjected  to  heavy  strains  of  any  kind,  they 
manifest  distress  in  several  ways*  1st,  where  the  load  is 
constant  by  the  extensions,  deflections,  &o.,  increasing  with  time. 
2nd,  where  the  load  is  progressively  increased,  by  the  defleo- 
tions  <&c.,  increasing  in  a  higher  ratio  than  the  strains.  Srd,  by 
taking  a  '^  Permanent  set "  (751).  4th,  by  eventually  breaking 
or  giving  way  with  a  strain  much  below  ^e  normal  strength  of 
the  Material,  as  the  result  of  long-continued  and  oft-repeated 
intermittent  strains.  These  results  of  over-strain  may  be  aptly 
expressed  by  the  general  term  "  Fatigue." 

This  subject  may  be  considered  under  two  heads,  Ist,  Statical 
fatigue  from  a  long-continned  dead  load ;  2ad,  Dynamic  £&tigue 
from  a  rolling  or  moving  load,  which  acts  more  or  less  with 
Impact  (831). 

Statical  Fatigue. 

(904.)  This  ease  may  be  divided  into  two  branches.  Ist, 
where  a  heavy  and  invariable  dead  load  is  borne  for  a  long 
time  continuously.  2nd,  where  the  load  is  intermittent  and 
variable,  being  alternately  and  frequently  laid  on  and  relieved 
wholly  or  partially,  but  without  impact  or  shook. 


FATIGUE  OF  MATERIALS:    00N8TAKT   LOAD.  477 

**  Constant  Load/* — ^The  effect  of  constant  tensile  strains  on 
wrought  iron  is  shown  by  cols.  4,  4,  in  Tables,  94,  95 ;  thus,  by 
the  latter,  with  17*86  tons  per  square  inch,  fatigne  was  mani- 
fested by  the  extensions  continuing  to  increase  with  time^  but  at 
a  diminishing  rate :  the  1st  hour  gave  an  increase  of  14*6  per 
cent.;  the  next  16*5  —  14*5  s  1  per  cent;  the  next  16*8  — 
15*5  =  0*8  per  cent,  &c.,  up  to  7  hours,  when  it  continued 
constant  up  to  10  hours.  Even  with  the  heavy  strain  of  22*68 
tons  per  square  inch,  or  about  22*68  -r  25'7  =  *88,  or  88  per 
cent  of  the  breaking  weight,  the  extensions  increased  only  *  08 
per  cent,  in  7  hours,  and  then  remained  stationary  up  to  12 
hours.  It  would  seem  £rom  this  that  &tigue  manifests  itself 
with  moderate  strains  even  more  than  with  heavy  ones,  which 
is  very  remarkable. 

(905.)  Mr.  Fairbaim's  experiments  on  cast-iron  bars  strained 
transversely  lead  to  the  same  conclusion ;  it  was  found  that  in  a 
series  of  bars  subjected  to  constant  dead  loads  for  long  periods, 
those  with  the  lightest  loads  manifested  the  most  distress  from 
fatigue  by  increase  in  deflections ;  thus  when  strained  to 

62  75  88  100  nearly 

per  cent,  of  the  ultimate  or  breaking  weights  for  periods  of 

4|  5  6  5 

years,  the  increase  in  deflection  from  fatigue  in  those  times  was 
U*l  11*4  8*6  2-8 

per  cent,  respectively ;  these  were  the  maximum  results  in  each 
case.  It  was  found  that  the  deflections  increased  the  most 
considerably  during  the  first  weeks  and  months  up  to  12  or 
15  months,  and  then  became  constant  or  nearly  so.  One  bar 
loaded  up  to  the  very  breaking  weight  for  5  years,  had  not  any 
greater  deflection  than  it  had  taken  8  or  4  years  before,  and 
Mr.  Hodgkinson  concludes  that  it  is  probably  a  law  with  cast 
iron  that  the  deflection,  &c.,  will  go  on  increasing  with  time  at 
first  until  it  becomes  a  certain  quantity,  beyond  which  it  will 
no  longer  increase,  but  becomes  stationary: — We  have  seen 
(904)  that  wrought  iron  under  tensile  strains  seems  to  follow  a 
similar  law. 
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(906.)  Mr.  Fairbaim  made  similar  experiments  on  the  power 
of  oast-iron  pillars  to  sustain  long-oontinaed  strung : — ihey 
were  1  inch  diameter,  6  feet  long,  with  rounded  ends,  were 
loaded  with 

4  7  10  18 

cwts.,  whioh  is  eqoiyalent  to 

80  58  75  97 

per  cent,  of  the  breaking  weight,  as  fomid  by  direot  ej^ieriment 
on  similar  pillars.  The  pillar  loaded  with  13  cwt.  bore  the 
strain  for  5  or  6  months  and  then  broke  : — the  others  bore  .heir 
respectiye  loads  for  3  years,  and  their  deflections  were  then 

0*01  0*025  0*409  — 

inch.  The  deflection  of  the  pillar  with  10  cwt.  was  *  230  inch 
when  first  taken,  and  after  each  snccessiTe  year  it  became  *380, 
*  380,  and  *  409  inch  respectiyely. 

(907.)  The  general  resnlts  seem  to  be : — 

1st.  That  the  elasticity  is  affected  by  fSfttigao  from  a  dead 
load,  but  np  to  a  certain  extent  only,  and  within  a  limited  time ; 
that  is  to  say,  the  extensions,  &e.^  do  not  go  on  increasing  with 
time  indefinitely,  nor  to  an  unlimited  extent,  terminated  only 
by  fractnre ;  bat  that  both  are  limited. 

2nd.  That  the  uUimate  strength  and  deflection  are  not  affected 
by  fatigue,  both  being  the  same  whether  tiie  material  is  broken 
suddenly  or  after  a  long-sustained  and  heavy  dead  load. 

8rd.  That  on  emergency  materials  may  be  safely  strained  to 
a  much  greater  extent  than  was  admitted  by  Tredgold  and  other 
earlier  authorities : — they,  finding  that  with  loads  greater  than 
^rd  of  the  breaking  weight,  the  extensions,  ^,  continually 
increased  with  a  constant  load,  supposed  that  this  increase 
would  go  on  indefinitely  until  rupture  ensued,  whereas,  as  we 
haye  seen,  although  it  may  go  on  increasing  for  a  long  time, 
eyen  years,  it  does  so  in  a  continually  diminishing  ratio  until  in 
a  certain  limited  time  it  ceases,  or  becomes  constant. 

(908.)  ''  Variable  Load.''^We  haye  seen  that  when  the  load 
is  constant,  materials  seem  to  be  capable  of  bearing  strains 
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approxiinating  to  the  breaking  weight  for  indefinite  periods 
without  apparent  iignry.  But  where  the  load  is  variable,  being 
wholly  or  partiallj  relieyed  and  laid  on  again  continuonslyy  the 
case  is  entirely  altered. 

This  case  divides  itself  into  two  very  different  conditions. 
Isty  where  the  load  is  variable,  bat  acts  in  one  direction  only 
as,  for  instance,  with  the  rods  of  single-acting  pomps ;  and,  2nd, 
strains  acting  alternately  in  opposite  directions,  as  is  the  ease 
with  doable-acting  pamp-rods,  and  many  of  the  parts  of  ordinary 
steam-engines: — ^for  example,  in  a  piston-rod  the  strains  are 
alternately  tensile  on  the  down-stroke  and  compressive  on  the 
ap-stroke,  ico. 

(909.)  **  Load  in  One  Direction  only.** — This  case  mast  be  sab- 
divided  into  two  diflerent  conditions.  1st,  ^ IntermiUent  Strains" 
where  the  load  is  entirely  relieved  and  laid  on  again  con- 
tinuoosly  without  shock ;  and,  2nd,  '*  Differential  Strains**  where 
the  load  is  intermittent,  but  is  only  partially  relieved  at  each 
stroke. 

1st.  Wohler's  experiments  have  shown  that  where  the  load  is 
totally  relieved  each  time,  the  best  fibrous  wrought  iron  breaks 
with  tensile  strains  of  15  to  18  tons  per  sqoare  inch ;  the  mean 
is  16*5  tons,  and  as  the  mean  strength  for  a  constant  dead  load 
is  25*7  tons,  as  shown  by  Table  1,  we  have  the  ratio  16*5 -r 
25*7  s  *64  or  }  nearly. 

Soft  steel  was  found  by  Wobler  to  give  under  similar  con- 
ditions of  entirely  relieved  strain,  £rom  22*5  to  25  tons  per 
square  inch ;  the  mean  is  28  *  7  tons,  and  as  by  Table  1  the 
mean  tensile  strength  of  steel  for  dead  loads  is  47*8  tons,  we 
have  the  ratio  28*7-^47*8  s  -5,  which,  being  less  than  the 
ratio  for  wrought  iron,  seems  to  indicate  less  perfect  elasticity, 
and  must  be  incorrect.  We  will  therefore  assume  that  witii 
totally  relieved  strains  the  breaking  weight  of  steel  is  }  of  the 
statical  breaking  weight,  or  the  same  ratio  as  for  wrought 
iron. 

(910.)  For  cast  iron  we  have  the  experiments  of  Mr.  Hodg- 
kinson  and  Oaptain  James,  the  leading  results  of  which  are 
given  in  Table  140.  In  James'  experiments  the  beams  were 
deflected  by  cams  revolving  from  4  to  7  times  per  minute ;  one 
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of  these  was  a  step  cam  which  gently  deflected  the  bar  and  then 
suddenly  relieved  the  pressnre  at  each  reyolution ;  the  other 
was  a  common  ezcentrio  with  a  notched  edge  intended  to  giye 
some  vibration  to  the  motion,  bat  this  effect  would  be  very 
slight,  and  essent'ally  the  strains  may  be  regarded  as  staticid 
ones.  The  deflections  produced  were  such  as  would  have  been 
giyen  by  certain  fractions  of  the  breaking  weight 

With  the  step  cam,  three  3-inch  bars  bore  without  apparent 
injury,  each  10,000  deflections  with  ^rd  the  breaking  weight, 
one  broke  with  25,486,  and  one  with  61,538  deflections ;  another 
was  not  broken  with  100,000  deflections.  This  last  bar  had 
evidently  been  strained  very  nearly  up  to  the  breaking  point, 
two  similar  bars  having  broken  with  a  smaller  number  of  defleo- 
tions,  and  yet  its  strength  was  not  impaired,  as  was  proved  by 
breaking  it  afterwards  by  a  dead  load.  It  broke  with  2831  lbs. 
in  the  centre,  the  strength  of  a  similar  new  bar  of  the  same  iron 
was  2834  lbs.  Similarly  the  three  bars  which  bore  10,000  de- 
flections without  failing,  were  subsequently  broken  with  dead 
loads ;  the  mean  breaking  weight  was  3050  lbs.,  new  and  un- 
strained bars,  as  we  have  seen,  breaking  with  2834  lbs. 

(911.)  We  find  from  this  that  with  an  intermittent  load  off- 
and-on  without  shock  and  in  one  direction  only,  the  breaking 
weight  is  ^rd  of  the  Statical  or  dead  load,  for  although  four  out 
of  the  six  bars  experimented  upon  were  not  broken,  it  is  probable 
that  they  would  all  have  failed  with  a  greater  number  of  deflec- 
tions. It  should  be  observed  that  the  highest  number  of 
changes  in  these  experiments  was  very  much  less  than  would 
occur  in  practice: — for  instance,  with  pump-rods  making 
25  strokes  per  minute  for  10  hours  per  day,  we  evidently  have 
25  X  60  X  10  =  15000  changes  per  day.  In  the  course  of  the 
years  which  such  rods  would  be  expected  to  last  without  break- 
ing, the  changes  would  amount  to  many  millions,  and  the 
strength  should  be  adapted  to  these  practiosd  conditions. 

Other  experiments  were  made  with  a  load  equal  to  ^  th« 
statical  breaking  weight  variously  applied,  namely,  by  the  step 
cam,  the  rough  cam,  and  a  traversing  load  passing  to  and  fro 
over  the  beam,  but  so  slowly  as  not  to  produce  any  shock  as  a 
rapidly  rolling  load  would  do  (831).    With  one  exception  the 
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Table  140. — Of  the  Resibtancs  of  Beams  to  Fatigue,  from  the 
£xpEEiMENT8  of  Mr.  HoDGKiMSON  And  Captain  Jambs,  K.E. 


Sisesof  Bars. 


Depth. 
Inches. 


Breadth 
Inches. 
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Length. 
Feet. 


Fraction  of  the 


Ummate 
Deflection. 


Breaking 
Weight 


Changes  of 
Load. 


Effect. 


Oast-Iron  Ban^  tul^ected  to  BIowi:  Hodgklnson. 
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1 

*i 

} 
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M 

M 
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n 

11 

A 

•684 

1,085 

4,000 

8,026 

127 

4,000 

8,965 

1,282 

29 

474 

127 

4,000 

4,000 

3,700 


Broke. 

Not  broken,  2. 

Broke. 

Broke. 

Not  broken,  2. 

Broke. 

Broke. 

Broke. 

Broke. 

Broke. 

Not  broken. 

Not  broken. 

Broke. 


Cast-iron  Ban^  Deflected  bj  Roogh  Cam :  Jamea, 


8 

13J 

•• 

i 

n 

99 

•• 

n 

n 

•• 

99 

10,000 
80,000 
28,602 


Not  broken,  H 
Not  broken. 
Broke. 


Cast-iron  Ban,  Defleetod  by  Step  Cam:  James. 


8 

m 

i 

99 

9» 

91 

99 

99 

99 

99 

99 

99 

99 

99 

99 

9» 

99 

M 

99 

99 

10,000 

25,486 

51,538 

100,000 

900 

617 

490 


Cast-Iron  Bars,  Traversing  LomI:  James. 


81,880 
8,416 
96,000 
12,918 
7,250 
7,196 
(8) 


Not  broken,  8L 

Broke. 

Broke. 

Not  broken. 

Broke. 

Broke. 

Broke. 
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•. 

99 

§ 
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99 

99 

99 

•• 

99 

99 

(2) 

99 

(3) 

•  • 

99 

Broke. 

Broke. 

Not  broken. 

Broke. 

Broke. 

Broke. 
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Table  140. — Of  the  Resistance  of  Beams  to  Fatigue,  from  the  Expe* 
RI1IENT8  of  Mr.  HooGKiNsoN  and  Captaia  Jamrs,  R.E.— con/ tntM^. 


SIsMofBan. 


Depth. 
Inches. 


Breadth.    Lengtli 
Inchefl.  I    Feet. 


Fraction  of  the 


Ultlmnte 
DefltHtion. 


Rrraldng 
Weight. 


Changes  at 
Load. 


Efl^ct 


Plate-Iron  Girder,  Intermittent  Load :  Falrbaim. 


16 

n 


4 

20 

•  • 

i 

59(5,790 

9f 

>• 

•• 

♦ 

403,210 

n 

w 

•• 

i 

5,175 

Not  broken. 
Not  broken. 
Broke. 


Same  Beam  repaired. 


16 

4 

20 

.  * 

i 

3,150,000 

Not  brokea. 

t* 

»» 

M 

• . 

i 

313,000 

Broke. 

(0 

(2) 

(3) 

(0 

(6) 

(«) 

whole  of  these  bars  were  broken  with  from  490  to  31,380 
changes. 

(912.)  ''Differential  Strains."— Wi^  partially  relieved  or 
Differential  strains,  the  destmotiye  effect,  or  tendency  to  break, 
aooording  to  Wohler's  experim^its,  is  proportional  to  the 
difference  of  the  maximnm  and  minimmn  strains.  It  is  stated 
that  a  bar  of  steel  with  tensile  strains  varying  oontinaoosly 
between  the  extremes  of  40  and  20  tons  per  sqnare  inch,  will 
bear  those  strains  for  a  certain  time,  the  difference  being 
40  — 20  =  tons;  but  if  the  load  oi  40  tons  be  removed 
altogether  each  time,  then,  although  the  maximum  strain  is  the 
same  as  before,  the  difference,  or  destructive  ^eciy  is  40  —  0  = 
40,  and  the  bar  will  break. 

It  was  also  found  that  a  bar  of  Steel  loaded  alternately  with 
35  and  12^  tons,  the  difference  being  23^  tons,  would  be  strained 
to  about  the  same  extent  as  by  alternating  loads  of  40  and  20  tons, 
where  the  difference  is  20  tons. 

The  effect  of  Intermittent  and  Differential  Strains  may  ba 
represented  by  the  Bule : — 


<913.) 


Wi 


=  JW- w)  X  E.}  +  «. 
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In  wbicli  W  =  the  mazimnm,  and  w  the  minimum  alternating 
loads ;  Wd  =  the  equiyalent  dead  load :  Bq  =  the  Ratio  of  the 
effect  of  an  Intermittent  load,  that  of  the  same  load  aoting  as  a 
dead  weight  being  1*0  as  giyen  in  (909)  to  (911):  for  Oast 
iron  Ro  =  3»  for  Wrought  iron  and  Steel  =5  ^.  The  yalue  of 
Ro  for  other  materials  is  giyen  by  the  "  Ratios  "  in  Table  141 : 
thus  for  wrought  Oopper  and  Brass,  Slate,  &c.,  it  is  =  2,  and 
for  Cast  Metals  generally  =  8. 

We  may  now  apply  Rule  (913)  to  W6hler*s  experiments  in 

(912):  with  85  and  12^  tons  on  the  Steel  bar  W©  =|35  -12-6) 
X  f  >  +  12*6  =  46*25  tons  per  square  inch,  is  the  equiyalent 
deal  load:  with  40  and  20  tons,  we  obtain  Wd  =  Uo  -  20) 

X  ^>  +  20  =  50  tons  dead  load,   boing  nearly  the   same  as 

the  other,  as  found  by  Wohler.  The  mean  of  the  two  is 
(46*25  +  50)-7-2  =  48*  12  tons  per  square  inch,  whichisalmost 
precisely  the  mean  tensile  strength  of  Steel,  which  may  be  taken 
at  48  tons  :  see  Table  1.  Wdhler  found,  as  we  haye  seen,  that 
if  the  same  maximum  load  of  40  tons  be  wholly  relieyed  each 
time,  the  bar  would  break,  which  it  would  be  yery  likely  to  do, 

for  we  haye  then  W©  =  {40  —  0)  x  j}  +  0  =  60  tons  per 

square  inch,  equiyalent  dead  load. 

(914.)  The  mean  Statical  Breaking  weight  of  Steel  being 
48  tons  per  square  inch  tensile  strain,  then  with  Factor  3  we 
haye  48  -^  8  =  16  tons  working  dead  load,  which  with  an  inter- 
mittent strain  becomes  16  X  f  =:  10*7  tons  off-and-on.  With 
differential  strains ;  we  may  find  the  effect  of  different  loads  by 
Rule  (918),  observing  that  it  must  neyer  exceed  Wd,  the  dead 
load  which  the  material  should  bear,  or  in  our  case  16  tons  per 
square  inch :  then 

With  10*7  and  0*0  tons,  the  difference  =  10*7  tons,  and 

Wp  =  |l0-7  -  0*0)  X  f|  +  0-0  =  16  tons. 

2  I  2 
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With  12*7  and  6*0  tons,  the  differenoe  s=  6*7  tons,  and 
Wp=  |l2-7  -  6-0)  Xi\  +  6-0  =  16  tons. 

With  14-7  and  12*0  tons,  the  difference  s  2*7  tons,  and 
Wd  =  |l4*7  -  12*0)  X  t|  +  12*0  =  16  tons. 

With  15*7  and  15*0  tons,  the  difference  s  0*7  tons,  and 
Wd  =  |l6*7  -  16*0)  X  f  I  +  16*0  =  16  tons. 

With  wronght  iron  the  mean  Statical  Breaking  weight  s 
25  *  7  tons  per  square  inch  Tensile  strain  hj  Tahle  1 :  with 
Factor  8  we  haye  25*7  -r  8  =  8*6  tons,  which  with  an  Inter- 
mittent load  becomes  8*6  x  t  =  ^*7  tons.  With  Bole  (918) 
Wd  being  restricted  to  8* 6  tons,  we  obtain : — 

With  5*7  and  0*0  tons,  the  difference  =  6*7  tons,  and 

Wd  =  |5*7  -  0*0)  X  t|  +  0*0  =  8*6  tons. 
With  6*7  and  2*9  tons,  the  difference  =  8*8  tons,  and 

Wd  =  |6*7  -  2*9)  X  j|  +  2*9  =  8*6  tons. 
With  7*7  and  5*9  tons,  the  difference  s  1*8  tons,  and 

Wd  =  {7*7  -  6*9)  X  il  +  6-9  =  8*6  tons. 
With  8*5  and  8*8  tons,  the  difference  =  0*2  tons,  and 

Wd  =  |8-5  -  8*3)  Xi\+  8*8  =  8*6  tons. 

With  Cast  iron,  the  mean  Statical  Transverse  strength  = 
2063  lbs.  (335) ;  with  Factor  8  we  have  2063  -f-  8  =  688  lbs. 
working  dead  load,  which  with  an  intermittent  strain  becomes 
688  X  i  :=:  229  lbs.  off-and-on.  By  Bole  (913),  Wd  being 
restricted  to  688  lbs.,  we  obtain 

With  229  and  0  *  0  lbs.,  the  difference  =  229  lbs.,  and 
Wd  =  |229  -  0)  X  sl  +  0  =  688  lbs. 
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With  458  and  358  lbs.,  the  differenoe  =  105  lbs.,  and 

Wd  =|458  -  353)  X  sl  +  858  =  688  Iba. 
With  600  and  556  lbs.,  the  difference  =  44  lbs.,  and 

Wd  =  jeOO  -  556)  X  sl  +  556  =  688  lbs. 
With  660  and  646  lbs.,  the  difference  =  14  lbs.,  and 

Wd  =  |660  -  646)  X  si  +  646  =  688  lbs. 
With  685  and  683*5  lbs.,  the  difference  =  1*5  lbs.,  and 

Wd  =  |685  -  683-5)  X  sl  +  683-6  =  688  Ibg. 

Oases  of  differential  Strain  are  yery  numerous  in  practice  : 
thns,  in  a  Bailway  bridge,  the  weight  of  the  stmctnre  itself  is 
the  minimom,  and  that  weight  plus  the  weight  of  the  train  is 
the  maximam.  Again,  with  long  rods  to  deep-well  pumps  the 
maximum  strain  is  the  pressure  on  the  bucket  due  to  the  head 
of  water  added  to  the  weight  of  the  rods,  &c. ;  the  minimum 
strain  being  the  latter  alone,  &o. 

(915.)  **  AltemcUing  Strains,** — When  a  strain  is  alternately 
tensile  and  compreeaiye,  as,  for  instance,  with  the  piston-rod  of 
a  steam-engine,  or  again,  when  the  transverse  strain  on  a  beam 
acts  in  both  directions,  up-and-down,  resolving  itself  eventually 
into  alternating  tensile  and  crushing  strains,  the  destractive 
action  or  tendency  to  break  is  very  severe.  Indeed,  instinct 
teaches  us  that  the  easiest  mode  of  breaking  anything  is  to  bend 
it  to-and-£ro  repeatedly,  a  very  moderate  strain  thus  exerted 
sufficing  to  effect  the  purpose. 

From  W5hler^s  experiments  it  appears  that  the  destructive 
effect  of  alternate  strains  in  opposite  directions  is  expressed 
by  the  mm  of  those  strains : — ^us  5  tons  tensile,  alternating 
with  5  tons  compressive  strain  is,  in  ita  tendency  to  break  the 
material,  equivalent  to  10  tons  acting  intermittently  or  off-and« 
on  in  cue  direction  only. 

With  wrought  iron  we  found  in  (914)  that  the  safe  inter- 
mittent tensilA  strain  was  5  *  7  tons  per  square  inch ;  the  com* 
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pressiye  strain  woald  be  the  Bame,  or  5  *  7  tons  also,  because  the 
teDsile  and  crashing  strengths  of  wrought  iron  are  equal  to  one 
another  (377).  With  eqoal  strains,  alternately  tensile  and  com- 
pressive, we  should  haye  therefore  5*7-4-2  =2*85  tons  each 
war,  which  is  ^th  of  the  statical  breaking  weight,  and  is 
equivalent  to 2*85+2*85  =  5*7  tons off-and-an  in  one  diieotioa 
only,  or  to  V'6-7  -  0)  X  1}  +  0  =  8-55  tons  dead  load  (913). 

{\)16.)  But  with  many  materials  the  resistance  to  these  two 
strains  is  very  unequal,  as  shown  by  Table  79,  and  this  ^i 
complicates  the  question  considerably.  For  instance,  with  cast 
iron,  the  tensile  breaking  strain  is  7*14  tons ;  Factor  3  gives 
7-14-r3  =  2*28  tons  statical  safe  load;  which  for  an  inter- 
mittent strain  is  reduced  to  2*28  x  ^  =  *76  ton,  and  for  an 
alternating  strain,  to  *76  X  ^  =*38  ton,  which  is  ^  of  the 
statical  breaking  weight. 

But  the  crushing  strength  of  cast  iron  is  43  tons,  hence  the 
statical  safe  load  becomes  43  -7-  3  =  14  *  3  ;  the  safe  intermitt^it 
strain  14*3  X  ^  ^^  4*8  tons;  and  the  alternating  or  crushing 
and  tensile  strains  4*8  X  ^  ==  2*4  tons  per  square  inch.  We 
have  just  seen,  however,  that  the  alternating  tensile  strain  does 
not  exceed  *  38  ton  or  about  ^th  of  the  same  kind  of  CQmpres- 
sive  strain,  and  we  find  £rom  this,  that  where,  in  any  material, 
the  power  of  resistance  to  these  two  strains  is  unequal,  the  case 
is  governed,  and  the  alternating  strain  limited  by  the  strength 
of  the  weaker. 

(917.)  We  have  here  supposed  that  the  tensile  and  compres- 
sive loads  are  equal  to  one  another,  which  is  usually  the  case  in 
practice ;  for  instance,  in  a  piston-rod  or  a  double-acting  pump- 
rod  the  two  loads,  or  those  during  the  up-stroke  and  the  down- 
stroke,  are  practically  equal.  But  in  some  exceptional  cases 
thoy  may  be  so  unequal  as  to  enable  us  to  utilise  the  whole 
strength  of  the  material,  or  that  in  both  directions ;  for  instance, 
with  cast  iron,  a  compressive  strain  of  2*4  tons  per  square  inch 
might  be  arranged  so  as  to  alternate  with  a  tensile  strain  of 
*  88  ton.  But  in  most  cases  the  two  loads  are  of  necessity  equal 
to  one  another,  and  in  the  case  of  cast  iron,  *88  ton  would 
become  the  working  tensile  and  compressive  strain. 

(918.)  With  the  transverse  and  torsional  strains  the  com* 
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plication  wbicb  arises  from  unequal  tensile  and  compressive 
strength  in  the  material  is  eliminated,  for  although  the  former 
strains  resoWe  themselyes  eyentoally  into  the  tensile  and  com- 
pressiye,  the  inequalities  of  strength  adjust  themselves  to  one 
another,  and  the  transverse  strength  is  the  mean  effect  of  the 
two  combined. 

An  alternating  transyerse  strain  is  yery  common  in  practice  ; 
the  beam  of  an  ordinary  steam-enginOi  and  the  lever  working  a 
double-acting  pump  are  familiar  instances.  Another  case  is 
that  of  an  over-hung  axle  heavily  loaded  at  the  end,  as  in 
Fig.  204 :  if  the  axle  were  stationary  it  would  simply  be  de- 
flected from  A,  its  normal  position,  to  B.  If  while  thus  strained 
the  axle  could  make  half  a  reyolution,  it  would  evidently  be 
carried  round  to  the  position  0,  but  the  weight  W  continuing 
to  act,  it  is  retained  in  the  position  B.  Thus  at  every  reyolu- 
tion, the  shaft  is  in  effect  strained  both  toays,  or  up  and  down, 
namely,  from  B  to  C,  and,  as  shown  by  Wohler's  experiments 
(915),  the  destructiye  effect  is  proportional,  not  to  A,  B,  only, 
but  to  B,  0. 

The  strain  in  this  case  is  peculiar,  1st,  although  intermittent 
and  alter  Date,  or  in  both  directions,  it  is  effected  entirely  without 
shock :  and,  2nd,  the  axle  is  strained  not  only  in  two  directions, 
or  up  and  down,  but  in  all  directions  equally,  which  would  pro- 
bably be  more  destructive  than  an  equivalent  strain  in  two 
opposite  directions  gdIj, 

DTNAMIO   FATIGUS. 

(919.)  The  philosophy  of  dynamic  fatigue  may  be  easily 
explained :  let  Fig.  206  represent  an  unloaded  beam  A,  deflected 
8  inches  or  to  the  position  B,  by  a  strain  or  weight  of  8  lbs., 
being  1  inch  per  lb.  Now,  as  shown  in  (775),  the  mean  strain  is 
(8  +  0)  -7-  2  =4  lbs.,  which  acting  through  8  inches  gives  as 
the  mechanical  power  producing  the  deflection  4x8  =  82  inch- 
lbs.,  therefore  a  weight  D  of  1  lb.  falling  32  inches  from  E 
to  B  would  deflect  the  beam  to  B  as  before — neglecting  inertia 
(781). 

If  the  elasticity  of  the  material  were  perfect,  the  bar  would 
sustain  any  number  of  similar  blows  without  injury  or  increase 
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of  deflection.  Bat  it  is  shown  in  (751)  that  when  a  beam  (uf 
cast  iron  more  particularly)  is  deflected  bj  a  transrerse  strain^ 
it  noyer  returns  to  its  primitive  form  on  the  relief  of  the  strain, 
bat  takes  a  permanent  set.  Now,  let  as  suppose  that  in  our 
case,  a  permanent  set  of  1  inch  oocars,  so  that  when,  unloaded, 
the  beam  retoms,  not  to  A,  bat  to  G;  if  then  again  luaded 
with  the  same  weight  of  8  lbs.  qaietlj  laid  on,  the  bar  would 
deflect  to  B  as  before,  and  the  mean  strain  would  also  be  (0+8) 
-7-2=4  lbs.  as  before,  but  as  the  bar  now  deflects  with  that 
load  8  —  1  =s  7  inches,  we  should  haye  4  x  7  =  28  inch-lbs. 
only,  which  would  not  absorb  the  whole  force  of  the  second 
blow  by  32  —  28  =  4  inch-lbs.  The  beam  would  therefore  be 
deflected  below  the  point  B  by  about  0*52  inch,  or  to  8*52 
inches  below  A :  then  the  mean  strain  during  the  second  blow 
would  be  (0  +  8*52)  -7-  2  =  4*26  lbs.,  which  acting  through 
8*52  -  1  =  7*52  inches  will  giye  4*26  X  7*52  =  82inch.lb6^ 
as  required. 

We  haye  seen  in  (752)  that  the  permanent  set  is  nearly  pro- 
portional to  the  square  of  the  strain  ;  if,  therefore,  the  defloction 
of  8  inches  gave  1  inch  set,  8*52  inches  would  giye  1  x  8*52^ 
-f-  8*  =  1  *  134  inch  set.  The  third  blow  will  therefore  deflect 
the  beam  still  lower  than  before,  say  to  8*58  inches,  or  the 
point  duo  to  8*58  lbs.  dead  load,  the  mean  strain  will  then  be 
(0  +  8*58) -f- 2=4-29  lbs.,  which  acting  through  8*58-l-134 
=  7*446  inches,  will  giye  a  resistance  of  4*29  X  7*446  s 
32  inch-lbs.  nearly,  as  required. 

The  permanent  set  due  to  8*58  inches  deflection  will  be 
1  X  8*58' -h8'  =  1*15  inch:  the  fourth  blow  will  therefore 
deflect  the  bar  to  say  8*6  inches,  the  mean  strain  being  then 
(0  +  8-6)  -2-  2  =  4*8  lbs.,  which  acting  through  8*6  -  1*15  = 
7*  45  inches,  will  giye  a  resistance  of4*8x7*45  =  82  inch-lbs., 
as  required. 

Thus  with  four  sucoessiye  and  equal  blows  we  haye  deflections 
and  strains  of  8*0,  8*52,  8*58,  and  8*60  inches  respectively, 
increasing  with  eyery  blow,  but  in  a  rapidly  diminishing  ratio, 
namely,  *52,  '06,  and  *02  inch  respectiyely.  Eyidently, 
although  the  first  blow  may  have  strained  the  bar  to  a  small 
fraction  only  of  the  breaking  weighty  a  suocessicm  of  similar 
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blows  would  eyentiially  break  it :  in  fact,  it  becomes  a  question 
of  number  of  blows  as  much  as  of  amonnt  of  load. 

The  extreme  slowness  with  which  the  deflection  nnder  snc- 
oessive  blows  increases,  shows  that  the  nnmber  of  blows  neces- 
sary to  produce  fracture  may  be  very  great,  extending  possibly 
to  millions  and  occupying  years  (911).  This  will  help  to 
explain  the  well-known  fact  that  parts  of  machinery  (such  as  a 
pump-rod)  often  fail  with  a  strain  which  is  a  small  fraction 
only  of  the  normal  breaking  weight,  and  one,  moreover,  which 
had  been  borne  successfully  for  many  years.  Thus,  tiie  fiiot 
that  a  given  dynamic  strain  has  been  sustained  for  a  lengthened 
period,  is  no  guarantee  that  it  will  be  borne  for  ever. 

(920.)  Where  a  load  literally  falls  upon  a  beam,  as  in 
Fig.  186,  its  effect  must  be  calculated  by  the  laws  of  Impact 
(789),  as  illustrated  in  (805).  Mr.  Hodgkinson  made  an  exten- 
sive series  of  experiments  on  the  power  of  impact  with  oast 
and  wrought  bars ;  many  of  his  results  are  given  by  Tables  121, 
122,  140,  &o.  The  experiments  in  Table  140  are  liable  to  be 
misunderstood ;  the  bars  were  subjected  not  to  given  fractions 
of  the  breaking  weights,  which  is  the  usual  and  most  convenient 
course,  but  to  strains  producing  given  fractions  of  the  ultimate 
deflection  (696),  which  is  quite  a  different  thing  with  such  an 
imperfectly  elastic  material  as  cast  iron. 

From  the  Diagram,  Fig.  219,  in  which  the  deflections  up  to 
the  breaking  weights  are  shown  graphically,  we  find  that  bars 
1,  2,  and  8  inches  square  are  deflected  to  ^rd  of  the  ultimate 
deflection  by  *434,  '456,  and  *488  of  the  respective  breaking 
weights,  whereas,  of  course,  with  perfect  elasticity  we  should 
have  had  ^  or  '888  in  all  cases.  We  have  thus  obtained  col.  5 
in  Table  140. 

(921.)  The  Table  shows  that  with  1-inoh  bars,  4000  blows, 
deflecting  the  bar  to  ^  of  ultimate  deflection,  due  by  col.  5  to 
*484  of  the  breaking  weight,  failed  to  break  the  bar;  another 
bar  was  not  broken  with  4000  blows,  deflecting  it  to  ^  the 
ultimate  deflection,  due  to  *  606  of  the  breaking  weight ;  another 
broke  with  8700  blows,  deflecting  it  to  -^  the  ultimate  deflection, 
due  to  *  684  of  the  breaking  weight. 

With  2-inch  bars^  two  bore  4000  blows,  deflecting  them  to  | 
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the  nltiinaie  deflection,  dae  to  *456  of  the  breaking  weight?-^ 
three  others  were  all  broken  when  deflected  to  fi  the  ultimata 
deflection,  doe  to  *  627  of  the  breaking  weight,  with  29,  1282, 
and  8695  blows  respectivelj.  Two  others  with  f  of  the  ulii- 
roate  deflection,  due  to  *  78  of  the  breaking  statical  weight, 
broke  with  127  and  474  blows  respectiyely. 

With  d-inch  bars  deflected  to  ^  the  ultimate  deflection,  due 
to  '488  of  the  breaking  weight,  one  broke  with  1085  blows; 
two  others  were  not  broken  with  4000  blows  each.  Two  others, 
with  ^  the  ultimate  deflection,  due  to  '645  of  the  breaking 
weight,  broke  with  127  and  3026  blows  respecti?ely. 

These  bars  appear  to  have  been  stronger  in  resisting  impact 
than  those  experimented  upon  by  Captain  James  (910),  especi- 
ally considering  the  nature  of  the  strains ;  we  should  have  ex- 
pected that  a  given  deflection  produced  by  a  blow,  as  in  Mr. 
Hodgkinson's  experiments,  would  have  been  more  destructive 
than  the  same  deflection  produced  gently  by  a  cam,  as  in 
James'  experiments.  But,  in  the  former,  the  number  of  im- 
pacts was  not  carried  far  enough  to  exhibit  fully  the  effect  of 
fatigue ;  one  of  the  bars,  however,  did  fail  with  ^  of  the  ulti- 
mate deflection,  and  with  1085  blows;  possibly  the  others 
would  have  fedled  also  with  a  greater  number  of  impacts,  such 
as  would  occur  in  practice  (911),  (919). 

(922.)  We  will  therefore  retain  for  oast  iron  the  ratio  of 
the  breaking  intermittent  load  at  ^  of  the  statical  breaking 
weight,  as  found  from  Captain  James'  experiments  (911) ;  the 
ratio  for  Steel  and  Wrought  iron  being  f ,  as  in  (909). 

These  probably  represent  the  extremes,  steel  and  wrought 
iron  having  the  most  perfect  elasticity  of  all  the  materials  used 
in  the  arts,  and  cast  iron  the  least  perfect  We  have  no  experi- 
mental information  for  other  materials,  but  supposing  them  to 
occupy  an  intermediate  position,  we  may  admit  for  them  the 
ratio  for  an  intermittent  load  to  be  ^  the  Statical,  which  wiU 
apply  to  Timber,  wrought  metals,  such  as  Copper,  Brass,  (fee, 
also  to  Slate,  York-paving,  and  other  kinds  of  Stone,  &o. 

For  cast  metals,  such  as  Copper,  Brass,  Lead,  d^,  we  may 
adopt  the  ratio  ^  as  for  cast  iron. 

(923.)  **  Fatigue  from  Boiling  LooJ."— The  effect  of  a  rolling 
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load  in  Btraining  a  beam  is  shown  in  (832),  &c.,  to  depend 
on  the  horizontal  velocity;  at  very  low  speeds  the  effect  is 
similar  to  the  action  of  a  cam,  which  quietly  deflects  the 
beam ;  but  as  the  velocity  rises  the  deflection  increases  until, 
at  a  certain  velocity  varying  with  the  span  of  the  beam  and  the 
elasticity  of  the  material,  the  deflection  becomes  double  that  due 
to  the  same  load  acting  statically,  or  as  a  dead  load.  We  may 
therefore  admit  that  a  rolling  load  should  not  exceed  ^  the 
statical  or  dead  load  under  otherwise  similar  conditions,  and 
this  ratio  may  be  applied  for  all  ordinary  cases. 

Thus,  by  Table  66,  the  Transverse  streugth  of  wrought  iron 
is  4000  lbs.  breaking-down  dead  load ;  witii  Factor  3  we  have 
4000  -h  3  =  1333  lbs.  safe  dead  working  load.  Therefore, 
1333  X  t  =  B88  lbs.  intermittent  dead  working  load,  and 
888  X  i  =  444  lbs.  rolling  or  dynamic  working  load.  This 
last  is  ^th  of  4000  lbs.,  the  Statical  Breaking-down  load. 
Again,  with  Cast  iron,  the  transverse  strength  for  dead  load  is 
2063  lbs* ;  with  Factor  3  we  have  2063  -r  3  =  688  lbs.  safe 
dead  load,  688  X  i  =:  229  lbs.  intermittent  load,  and  229  x  i 
SB  115  lbs.  rolling  load,  which  is  -j^th  of  the  statical  breaking 
weight.  Again,  with  English  Oak,  the  transverse  strength  for 
dead  load  is  509  lbs.  breaking  weight ;  with  Factor  5  we  obtain 
509  -^  5  =:  102  lbs.  safe  dead  load,  then  102  X  ^  =  51  lbs. 
intermittent  load,  and  finally  51  X  ^  =  26  lbs.  rolling  load, 
which  is  ^th  of  the  statical  breaking  weight 

(924.)  In  very  many  cases  the  strains  on  the  different  parts 
of  machinery  are  not  strictly  rolling  loads,  but  acting  with  a 
certain  amount  oi  shock  they  may  be  taken  as  similar  in  their 
action  to  rolling  loads,  this  being  in  many  cases  the  best 
approximation  that  can  be  made.  Thus,  with  the  rods  of 
single-acting  pumps,  worked  by  a  3-throw  crank,  there  is  a 
certain  amount  of  shock  in  passing  the  centres,  and  we  may 
take  it  as  doubling  the  strain  in  the  same  way  as  a  rolling  load 
would  act  on,  say,  the  vertical  rods  of  a  suspension  bridge. 
Then,  taking  the  tensile  strength  of  toelded  joints,  as  in  our 
case,  at  21  tons  per  square  inch  (see  Table  1),  we  have  with 
Factor  3,  21  -h  3  =  7  tons  safe  dead  load,  7  x  f  =  4*67 
tons  intermittent  dead  load;  and  finally  4*67  X  ^  =  2*33  tons, 
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or  5220  lbs.  per  square  inch,  dynamio  or  rolling  load.  This 
agrees  with  practice,  as  shown  by  coL  10  of  Table  80,  whidh 
shows  that  rods  with  6070  lbs.  stand  their  work,  bat  others 
with  6600  lbs.  fail  repeatedly*  Those  parts  of  pump-rods  which 
work  through  the  glands  or  stuffing-boxes  are  commonly  made 
of  wrought  copper,  principally  to  avoid  mst,  to  which  iron 
rods  would  be  liable  in  case  of  stoppage  for  a  few  days. 
Wrought  copper  breaks  with  a  tensile  strain  of  15  tons  per 
square  inch ;  then  with  Factor  8  we  have  15  -f-  8  =  5  tons 
safe  dead  load ;  5  x  ^  =  2*5  tons  intermittent  load;  and  2*5 
X  i  =  1  *  25  tons,  or  2800  lbs.  per  square  inch  dynamic  load ; 
and  this,  it  should  be  observed,  is  the  strain  at  the  reduced 
section,  or  where  the  area  is  reduced  by  the  key  or  screw- 
thread  (210).  Table  29  shows  that  in  practice  copper  rods 
are  much  more  heavily  loaded  than  we  have  thus  calculated, 
some  having  as  much  as  5670  lbs.  per  inch,  do. ;  but,  as  a 
matter  of  fact,  these  rods  are  frequently  breaking,  and  in  some 
cases  duplicate  or  spare  rods  are  kept  on  hand  ready  for  that 
contingency. 

(925.)  But,  wherever  possible,  the  oonstant,  or  Factor  of 
Safety,  for  any  particular  machinery  should  be  obtained  direct 
from  cases  working  well  in  practice :  the  whole  matter  of  the 
strains  in  machinery  is  so  complicated  and  obscure  that  no 
other  course  is  likely  to  be  perfectly  safe  and  satisfactory.  It 
is  only  in  those  cases  where  no  direct  data  are  attainable  that 
the  theoretical  methods  we  have  explained  and  illustrated 
should  be  used. 

(926.)  When  a  dynamic  strain  acts  in  both  directions,  or  is 
an  alternated  strain,  we  must  apply  the  ratio  for  that  circnro- 
stance,  as  explained  in  (915).  Thus,  taking  the  cases  in  (923), 
wrought  iron  becomes  444  X  ^  =  222  lbs.,  or  ^th  of  the 
statical  breaking  weight ;  cast  iron  becomes  115  x  ^  =  57  lbs., 
or  ^th  of  the  statical  breaking  weight;  and  Oak  is  reduced 
to  26  X  i  =  13  lbs.;  which  is  ^th  of  the  statical  breaking 

weight,  &c. 

(927.)  "  Fatigue  of  Plate^ron  BeafiuJ* — Mr.  Fairbaim  made 
some  valuable  experiments  showing  the  effect  of  &tigue  from 
oft-repeated  strains  on  a  riveted  plate-iron  beam,  Fig.  183,  the 
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load  being  completely  reliered  and  laid  on  again  about  8  times 
per  minnte  bj  a  orank-arrangement.  To  imitate  as  nearly  as 
possible  the  strain  to  which  Bailway  bridges  are  subjected  by 
the  passage  of  heavy  trains,  the  apparatus  was  designed  to 
lower  the  load  quickly,  and  to  produce  a  considerable  amount 
of  vibration,  as  the  large  lever  with  its  load  was  left  suspended 
on  the  beam  at  each  fatroke.  The  beam  was  16  inches  deep, 
and  20  feet  between  supports ;  Table  140  gives  a  compendium 
of  the  experimental  results. 

By  (909)  with  an  intermittent  dead  load,  the  breaking 
weight  of  wrought  iron  is  f  rds  of  the  breaking  dead  weight ; 
and  by  (923)  half  that  amount,  or  ^rd  where  the  load  rolls  over 
the  beam  at  a  certain  velocity,  or  where  it  acts  in  a  manner 
analogous  to  a  rolling  load,  which  is  our  case;  accordingly 
Mr.  Fairbaim  found  that  with  ^rd  of  the  statical  breaking 
weight,  the  beam  broke  with  313,000  changes  of  load. 

This  beam  bore  first  596,790  changes  of  ^  the  statical  break- 
ing weight  without  apparent  injury,  or  manifesting  distress 
by  increasing  in  deflection,  which  remained  practically  the 
same  throughout,  namely  *  16  or  *  17  inch.  It  was  then  loaded 
with  ^  or  ^  of  the  breaking  weight  and  bore  403,210  changes 
without  distress,  the  deflection  remaining  constant  throughout 
at  *  22  or  *  23  inch.  The  load  was  then  increased  to  f  or  ^^ 
of  the  breaking  statical  weight,  and  the  beam  broke  with 
5175  changes. 

The  beam  was  then  thoroughly  repaired,  and  with  ^th  the 
breaking  weight  bore  without  apparent  injury  3,150.000 
changes,  the  deflection  remaining  constant  throughout  at  *17 
or  *  18  inch,  and  the  permanent  set  at  *  01  inch.  The  load  was 
then  increased  to  ^rd  of  the  statical  breaking  weight,  with 
which  the  beam  broke  after  313,000  changes,  but  without 
manifesting  distress  by  increase  of  deflection,  which  remained 
constantly  throughout  at  *  2  inch. 

(928.)  Mr.  Fairbaim  concludes  from  these  experiments  that 
with  ^rd  of  the  statical  breaking  weight,  Bailway  bridges 
would  be  decidedly  unsafe,  but  that  with  ^th  of  that  weight,  a 
wrought-iron  bridge  would  be  perfectly  safe  for  a  great  number 
of  years.    Nevertheless,  he  allows  in  practice  a  larger  margin 
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for  safety,  namely,  ^  or  ^  of  the  breaking  weight ;  many  of  cor 
leading  Railway  Engineers,  such  as  B.  Stephenson,  J.  Caliitt, 
P.  W.  Barlow,  &o.,  adopt  ^th  as  the  ratio  in  practice,  aa  shown 
by  (892)  and  Table  138. 

We  haye  shown  in  (840)  that  in  Bail  way  bridges,  the  Telocity 
is  never  high  enough  to  give  anything  approaching  to  the 
maximum  effect,  or  to  produce  a  deflection  double  of  that  due 
to  the  same  load  acting  statically ;  moreover,  the  inertia  of  the 
bridge  itself  gives  a  considerable  resistance.  The  combined 
effect  of  these  two  circumstances  is,  that  the  strain  is  very 
little  greater  than  that  due  to  a  dead  load,  which  is  proved  to 
be  the  fact  by  the  experiments  on  the  Evvell  and  other  bridgee 
(839).  The  strains  on  Bail  way  bridges  may  therefi«e  prac- 
tically be  regarded  as  dead  loads:  they  ore,  however,  inter- 
mittent, and  for  wrought  iron  should  be  |,  and  for  cast  iron  ^ 
of  the  equivalent  constant  dead  loads.  Then  with  Factor  3  aa 
given  by  Table  187  we  finally  obtain  for  wrought-iron  Girders 
the  Batio  }  -r  3  =  '222  or  ^4^,  hence  the  working  Factor  of 
Safety  =  4*5 :  for  Cast-iron  girders  we  obtain  ^  -i-  3  =:  |  of 
the  statical  Breaking  weight,  the  Factor  being  =  9.  As  we 
have  seen  (928),  the  leading  Bailway  Engineers,  making  no 
distinction  between  cast  and  wrought  iron,  have  adopted  the  ratio 
^  or  Factor  6,  which  is  intermediate  between  4*5  and  9. 

(929.)  OoUecting  these  results  and  applying  them  to  the 
three  great  Strains,  namely,  the  Tensile,  Crushing,  and  Trans- 
verse strains,  we  obtain  for  various  Materials,  the  series  of 
equivalent  strains  for  varying  conditions  of  loading  given  by 
Table  141,  combining  which  with  the  Batioe  or  Factors  of 
Safety  in  Table  137,  we  may  find  the  proper  load  under  all 
ordinary  conditions.  As  the  matter  is  essentially  and  neces- 
sarily a  complicated  one,  we  may  give  examples  which  will 
help  to  make  it  more  clear. 

Say,  we  have  a  single-acting  pump,  18  inches  diameter, 
150  feet  head  of  water,  &c. :  the  strain  being  Intermittent  and 
Dynamic,  col.  3  of  Table  141  gives  8*6  tons  per  square  inch 
Breaking  weight,  and  Table  137  gives  the  Factor  of  Safety 
r=  3 :  hence  we  obtain  8*6  -7-  3  =  2*87  tons  Working  load. 
Then  18  inches  diameter  =n:  254  square  inches  area,  and  the 
pressure  due  to  the  water  =  150  -J-  2  *  3  =  65  lbs.  per    square 
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inch,  giving  254  x  66  -s-  2240  =7*4  tons,  requiring  7*4  -r- 
2  *  87  =  2*6  square  inches  area  at  the  key-toay,  equivalent  by 
(210)  to  2*6  X  2  =  5*2  square  inches  of  the  body  of  the  rod,  or 
2 1  inches  diameter  where  it  works  through  the  gland  of  the 
pump.  With  a  deep-well  pump,  there  would  be  long  rods  ti> 
the  surface  with  welds  here  and  there :  by  Table  1  the  strength 
of  welded  joints  s  47266  lbs.,  or  21  tons  per  square  inch 
Breaking  weight,  which  by  the  ^  Batio  "  in  ool.  8  of  Table  141 
is  reduced  to  21  x  ^  =  7  tons  Dynamic  strain,  and  with 
Factor  3,  to  7  4-  3  =  2  *  38  tons  Working  strain.  Hence  we 
obtain  7*4-4- 2*38  =  8*2  square  inches,  or  2  inches  diameter: 
Table  28  gives  practically  the  same  result :  the  Working  load 
for  2-inch  rods  being  15,708  lbs.,  or  7  tons,  being  nearly 
7*4  tons,  the  strain  in  our  case. 

If  this  same  pump  had  been  double-acting,  the  strain  being 
alternately  Tensile  and  compressive,  col.  5  of  Table  141  gives 
8*2  tons  per  square  inch  Breaking  weight,  or  3*2  -^  8  = 
1  *  07  ton  working  load,  requiring  7  *  4  -^  1  *  07  =:  7  square  inches 
area,  or  8  inches  diameter  of  the  body  of  the  rod.  Here  the 
key-way  question  is  eliminated,  being  covered  by  the  large 
diameter  due  with  an  alternating  strain  (210). 

(930.)  Again :  say  that  we  have  a  short  pillar  of  English 
Oak  subjected  to  an  intermittent  load  of  10  tons  acting  without 
shock :  then,  col.  2  of  Table  141  gives  1  *  85  tons  per  square 
inch  Breaking  weight,  Table  137  gives  the  Factor  =  5,  hence 
we  obtain  1  *  85  -^  5  =  *  37  ton  per  square  inch  working  load, 
and  require  10  -7-  *  87  =  27  square  inches  area,  say  5|  inches 
square.  If  this  Oaken  rod  had  worked  a  Double-acting  pump,  the 
strain  being  both  Alternating  and  Dynamic,  col.  5  of  Table  141 
gives  0*46  ton  Breaking  weight,  or  *46-t-5  =  *092  ton 
working  load,  which  is  ^  -^  5  =  ^th  of  3*7  tons,  the  Crushing 
dead  load  by  col.  1  :  we  then  require  10  -i-  '092  =  109  square 
inches  area,  or  10^  inches  square,  <&c. 

Again  :  say  we  have  a  rocking-beam  working  a  double-acting 
pump,  12  indies  diameter,  100  feet  head  of  water  =:  100  -^2*3 
=  44  lbs.  per  square  inch  :  the  area  of  12  =  113  square  inches, 
hence  118  x  44  -^  2240  =  2*2  tons,  which  being  a  Dynamic 
and  Alternating  load  is  by  the  *'  Batio  **  in  coL  5  of  Table  141, 
equivalent  to2'2x6  =  13*2  tons  dead  load:  wrought-iron. 
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Table  141. — Of  the  STRBNaTH  of  Matbbialb  with  Diffkbeht  Eikim 
of  Strain  :  being  the  Ultimate  or  Breaking  Loads. 


KttiTtak. 


Wronicht  Iron  and  Bteel     BatioB 
Wrought    Copper    and 

Brass,  Slate,  Timber, 

&C. 

Oast  Metals:  Iron.Oop-' 

per,  Brass,  Lead,  See,  f 


Steel :  ordinary,  bar  ••     , 
Wrought  Iron :  rolled  bar 

'^ImHofillasticlty)} 

Giist  Iron 

Copper,  bolts 

„       cast       ..      ,. 
Gun-metal,  oast . . 
Brass,  vellow,  cast    .. 
Lead,  drawn  pipe      •• 

Ash      

Oak,  English     ..     •« 
Laroh  ..     • 


•• 


Stoel,  in  pillars 

Wrought  Iron,  in  pillars  .. 


»> 


(limit  of  Elasticity) 

Cast  Iron 

Gun-metal,  cast       

Aah      

Oak,  English     ..     

Laroh •     ..     ..     •• 


} 


Deftd 


1 
1 


iDtefmlttant  Load  Off-«iidH» 
oonUnaooBly. 


One  DireciiaQ. 


Witbont;  Djnamlc 
Shock.    oriWUing. 


1 
i 


Both  DIneliani. 


Wtthont'  Djnn^ 
ahock.  icrBolllDs. 


i 
i 


TeiMile  Stnins:  Toos  per  Square  Ineh. 


48 
25-7 

12*8 

71 

16 
9 

14 
8 

1-12 
7-4 
5*5 
4-2 


82 
17-1 

8-6 


2< 

8 

8 

4 

2 

0 

3 

2 

2< 


7 

67 

374 

7 

75 

1 


16 
8*6 


1 

4 
1 
2 
1 
0 


'8 
2 


5 
8 
38 
187 
1-85 
1-37 
105 


16 
6-3» 


1 

4 
1 
2 
1 
0 
1 
0 
0 


8 
2 

5 

3 

33 

187] 

00* 

92* 

50* 


8 
3-2!» 

2*2 

0*6 
20 


0 
1 
0 
0 
0 
0 
0 


75 
16 
■67 
094 
50* 
46* 
25* 


Cnuhing  Strains :  Toni  p«r  Square  Inch, 


52 

19 

12*8 


34*7 
12-6 

8*5 


43 

14*3 

15 

5 

4 

2 

3-7 

1*85 

2 

1 

(I) 

(2) 

17*8 
6*8 

4*3 

7'16 

2*5 

1 

0*92 

0*5 

(») 


16* 
6*3 

4-3 


1 
2 
1 
0 
0 


•2* 
3^ 

92 
5 


W 


8» 
3*15 

2*15 


0 
1 
0 
0 
0 


60* 

16* 

50 

46 

25 


(«) 


Note.— In  altcraatiiif  atraiiiib  the  loads  marked  *  are  limited  hj  the  atrei^  ia  Cto 
oppoeile  direcUoQ. 
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Table  141.— Of  the  Strekoth  op  Matebials  with  Different  Kinds 

oi  (Strain,  &c. — continued. 


MateriAlfl. 


Steel,  ordinary  bar 

„  (limit  of  Elasticity) 

„  (working  load) 

Wrought  Iron,  plain  bars 


n 


] 


n 
n 


(limit  of  Elasticity) 
plain  bars  1 

(working  load)       ../ 
T  and  1  bars 


) 


Dead 
Load. 


Intermtttent  Load  Off'tnd-on 
coniiDuously. 


One  DlrectiotL 


Both  Directions. 


Without  Dynamic,  Without 
Shock.  I  or  Rolling.   Shock. 


Dynamic 
or  Rolling. 


Transverse  Strains  in  Lbs.,  on  Bars  1  Inch  Square, 
1  Foot  Long. 


Cast  Iron 
Gun-metal,  east  .. 
Blate,  Bangor,  split 
York  Paving 

Ash      

Oak,  English     .. 
Larch  ..     ..     •• 


Gimit  of  Elasticity) 

T  and  I  bars       )  | 
(working  load)      . .  /* 


6720 

4480 

2240 

2240 

5600 

3733 

1867 

1867 

3360 

2240 

1120 

1120 

4000 

2667 

1333 

1333 

2000 

1333 

667 

667 

1330 

888 

444 

444 

3200 

2132 

1066 

1066 

1500 

1000 

500 

500 

1120 

747 

374 

374 

20r,3 

688 

344 

344 

1830 

610 

805 

305 

421 

210 

105 

105 

73 

36 

18 

18 

680 

340 

170 

170 

509 

255 

128 

128 

'SSO 

190 

95 

95 

(0 

(2) 

(3) 

(4) 

1120 

9:]3 

560 
667 

333 

222 
533 
250 

187 

172 
153 
53 
9 
85 
64 
48 

(») 


Say  that  the  beam  is  a  cantilever  5  feet  loDg,  equal  by  (431) 
to  a  beam  5  X  4  =  20  feei  long,  supported  at  both  ends :  then 
with  Mt  =  4000  lbs.,  or  1*8  ton,  and  assuming  the  thickness 
or  B  =  1^  inch,  we  may  find  the  depth  D  bj  Bule  (325)  or 

J)  =  V(13-2  X  20)  -T-  (rs  >riij  =  9|  inches  deep.  In  this 
case  the  working  load  =  |  -^  3  =  -,^  of  the  dead  load.  Taking 
the  value  of  Mt  =  667 -;- 2240  = -3  ton,  from  col.  5  of 
Table  141,  the  Rule  (324)  gives  W  =  9J'  x  IJ  X  -3  -r-  20  ^ 
2*2  tons,  Alternating,  Dynamici  breakiog  load,  as  bcfora 


2  K 
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SFFEOT  OF  6IZB  OF  0A8TINO  ON  THE  8TRSNGTH  OF  OAST  IR<RI. 

(931.)  The  transYerse  strengtli  of  cast  iron  lias  osoally  been 
determined  by  experiments  on  bars  1  inch  square,  and  it  was 
supposed  that  the  data  thus  obtained  were  applicable  without 
correction  to  bars  of  all  sizes  and  to  girders  of  all  forms  of 
section. 

More  recent  observations  have  shown  that  these  oonclosions 
were  not  correct,  and  that,  Ist,  bars  of  large  sizes  are  specifically 
weaker  than  small  ones :  2ad^  that  in  bars  of  rectangular  section 
the  strength  is  governed  by  the  thickness  or  least  dimension 
rather  than  by  the  greater. 

(932.)  "  Eff'eci  of  Thickness  on  Transverse  StrengikT —All  the 
properties  of  cast  iron  seem  to  be  more  or  less  affected  by  the 
size  or  rather  by  the  least  thickness  of  the  casting ;  so  far  as 
we  have  experimental  knowledge,  that  is  to  say  between  1  inoh 
and  3  inches  square,  the  tensile,  crushing,  and  transverse 
strengths,  also  the  Modulus  of  Elasticity  (738)  are  reduced  as 
the  size  of  the  casting  is  increased. 

Table  142  gives  reduced  results  of  experiments  by  Mr.  Hodg- 
kinson  and  Captain  James,  R.E. ;  the  latter  are  more  numerous 
and  more  consistent  among  themselves  than  those  of  Mr.  Hodg- 
kinson,  which  are  anomalous,  giving  the  same  specific  strength 
for  2-inch  as  for  3>inch  bars ;  they  give,  however,  one  important 
fact,  that  in  a  rectangular  bar  of  unequal  dimensions,  namely 
3  X  Ij^,  the  transverse  strength  is  practically  the  same  as  that 
of  a  bar  1^  inch  square,  as  shown  by  the  Table,  where  the  value 
of  Mt)  or  the  specific  transverse  strength,  is  nearly  an  arith- 
metical mean  between  the  strength  of  1-inch  and  2-inoh  sqnaro 
bars..  This  experiment  seems  to  show  that  the  larger  dimen* 
fiion   of  rectangular  bars,  has  no  sensible  influenoe  on  the 
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strength  ;  nearly  the  same  result  was  found  to  prevail  with  the 
Modulus  of  Elasticity  (744),  bars  6  x  1^  and  3^  X  1^  being 
nearly  alike,  and  also  about  the  same  as  a  bar  1^  inch  square, 
occupying  in  the  Diagram,  Fig.  214,  a  position  intermediate 
between  1-inch,  and  2-inch  square  bars. 

(933.)  Captain  James'  experiments  in  Table  142  were  51  in 
number,  they  were  made  on  three  different  kinds  of  iron,  and 
the  mean  combined  result  of  the  whole  series  is  that  bars  1,  2, 
and  3  inches  square,  have  transverse  strengths  in  the  ratios 
1-0,  -7184,  and  -6195.  Mr.  Hodgkinson's  ratios  are  1-0, 
•7122,  and  -7122  respectively;  and  for  IJ  x  3  inch  bar, 
•8141. 

The  combined  results  of  the  experiments  are  repreaei^t^^ 
approximately  by  the  Bule : — 

(934.)  z  =  l^  V^r 

In  which  t  is  the  least  dimension  of  ^  rectangular  bar,  and  « 
the  ratio  of  the  transverse  strength,  that  of  1-inch  square  bar 
being  =  1 '  0.  Thus,  for  3  inches  thick,  the  logarithm  of  3,  or 
•477121-^2-3  =-2074,  the  natural  number  due  to  which  is 
1-612;  then  1 -^  1  -  612  =  •  62  =  »,  or  the  ratio  of  the  strength, 
that  with  1  inch  thick  being  1*0:  for  Sicknesses  of : — 

i  1  U  U  li  2  2}  8 

inches,  the  rule  gives  as  the  ratios  of  transverse  strengths 

1-35        10         '907        -838        '783  -739        -671         -(32 

respectively,  e^perimept  giving 

1-0  ..  •814J         ,.  -7184        ..  '6195 

respectively.  In  coL  7  of  Table  18  this  rule  is  applied  to 
extreme  thicknesses,  far  beyond  the  limits  of  experiment,  and 
the  results  mny  be  more  or  less  inaccurate ;  but  the  practical 
Engineer  has  often  to  deal  per-force  with  extreme  cases  whether 
ho  has  reliable  data  or  not,  and  it  is  better  under  such  circum* 
Btances  to  have  a  Bule  based  on  inadequate  experiments  than 
fo  have  no  rule  at  all  (86). 
7he  resulted  of  experiment  are  represented  graphically  hj 


BFFBOT  OF  "8121"   ON  THE   STBENGTH  OP  OAST  IROlf.      601 

Fig.  212,  the  line  F  being  found  by  the  Role,  and  the  means  of 
Mr.  Hodgkinson  and  Captain  James*  experiments  are  added  for 
comparison. 

It  is  shown  in  (942)  that  Stirling's  toughened  cast  iron,  which 
is  a  mixture  of  cast  and  wrought  iron,  is  affected  by  the  thick- 
ness Tery  similarly  to  ordinary  cast  iron :  thicknesses  of  1  *  0, 
1^,  and  2  inches  giving  specific  transrerse  strengths  of  1*0, 
•824,  and  '784  respectively. 

(935.)  ^^  Effect  of  Thickness  <m  the  Tensile  and  Crushing 
Strength.*' — We  have  no  direct  experiments  on  this  subject,  but 
Captain  James  made  some  instructive  experiments  on  bars 
J  inch  square  planed  out  of  the  centre  of  8 -inch  and  2-inch 
bars  of  No.  8  Clyde  iron,  which  were  compared  with  other 
f-inch  bars,  cast  of  that  size  from  the  same  iron,  and  from  these 
we  may  perhaps  obtain  by  analysis  the  tensile  and  crushing 
strains  with  approximate  accuracy. 

The  f  bars  from  the  8-inch  ones  gave  anomalous  results,  we 
will  therefore  take  those  from  the  ceutre  of  the  2-inch  ones : 
the  length  being  4^  feet,  the  transverse  breaking  weight  by 
experiment  was  184  lbs.  for  the  f-inch  planed  bars,  and 
198  lbs.  for  the  cast  bars,  the  ratio  being  184  -^  198  =-694 
to  1-0. 

The  crashing  strength  in  the  planed-out  bars  was  by  experi- 
ment =  60288  lbs.  per  square  inch,  whereas  Mr.  Hodgkinson's 
experiments  on  ordinary  No.  3  Clyde  iron  gave  106,089  lbs. ; 
the  Ratio  for  the  Crushing  strengths  is  tberefure  60288  -^ 
106089  =  -668,  or  66-8  per  cent. 

The  Tensile  strength  of  the  iron  in  the  centre  of  the  2-inch 
bars  was  not  observed,  but  we  may  calculate  it  by  the  Rule 
(499)  from  the  known  values  of  C  and  W. 

184  X  4*5  x4-5 

■"  I  -76  -.  Vl84  X  4-6  X  4-6  -;-(6023T>r75}'  x  -75 

s:  14200  lbs.  per  square  inch.  Mr.  Hodgkinson's  direct  ex- 
periments on  ordinary  No.  8  Clyde  iron  gave  28,468  lbs.  per 
square  inch;  hence  the  ratio  is  14200  -7-  28168  s*605,  or 
60 '  5  per  cent. 
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(936.)  Thus  for  the  three  strfdns,  Transverse,  Tensile,  and 
Cmshing,  the  ratios  of  strengths  are  *694,  *605,  and  *568 
reepectlYelj  in  f  bars  ont  of  the  centre  of  2-inch  ones,  ordi- 
nary iron  in  bars  cast  about  1  inch  square  being  1  *  0  in  all 
caseSt 

Obyionsly,  this  does  not  give  the  strengths  for  the  whole 
area  of  the  2-inch  bars  which  we  desire  to  find,  but  those  of  the 
centre  only,  but  if  we  admit  that  the  outside  of  the  2-inoh  bar 
has  the  ordinary  strength,  and  the  central  part  that  found  for 
the  f-inoh  planed  bars,  the  mean  of  the  two  gives  for  the 
transverse  strength  (1  +  *  694)  -4-  2  =  *  847 ;  for  the  tensile 
(1  +-606)-i-2  =-803;  and  for  the  crushing  (l+-668)-^2 
=  *784.  These  ratios  differ  little  among  themselves,  the 
extreme  difference  being  *847  4-* 784  =  1*08,  or  8  per  cent : 
on  the  whole  it  will  be  preferable  to  take  the  Ratios  given  by 
the  Hule  (934)  and  coL  7  of  Table  18  as  correct  for  oS  the 
strains. 

(937.)  ''Effed  cf  Thickness  on  Girders.**— kn  important 
question  arising  out  of  this  inquiry  is,  how  far  these  Ratios  will 
apply  to  large  girders  of  ordinary  sections,  that  is  to  say,  if  we 
had  three  girders  of  the  same  form  of  section,  but  1,  2,  and  3 
inches  thick  all  over  respectively,  whether  the  strength  would 
be  governed  by  the  respective  transverse  strengths  of  rectangular 
bars  1,  2,  and  3  inches  square  respectively,  namely,  I'O,  *72, 
and  -62. 

Mr.  Hodgkinson  gives  an  experiment  on  a  large  girder. 
Fig.  187,  27  feet  5  inches  between  bearings,  which  broke  with 
76*6  tons  in  the  centre:  the  general  thickness  was  about 
2  inches,  and  the  question  is  how  far  the  strength  was  govenied 
by  that  thickness.  By  the  mode  of  calculation  explained  in 
(350)  and  taking  Mt»  or  the  mean  transverse  strength  of  cast 
iron,  at  *  9  ton,  being  the  multiplier  derived  from  experiments 
on  l-inch  bars,  we  have :  top  flange  2*33'  x  5*  1  s  27 ;  vertical 
web  (28*43'  -  2-33')  x  2-08  »  1670;  and  bottom  flange 
(30*6'  -  28*43*)  X  12*1  =  1476.  The  total  reduced  value  of 
<P  X  5  thus  becomes  27  +  1670  +  1476  «  3173 ;  then  3173  x 
•9-T-27-4  =  104*2  tons  breaking  weight  in  the  centre: — but 
the  experimental  breaking  weight  was  76  *  6  tons  only,  and  we 
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have  the  ratio  76*6  -=-  104*2  =  '73,  being  very  nearly  that  for 
2-mcb  sqnare  bars  by  Captain  James'  experiments  (933),  which 
\ias  *72  nearly. 

In  Mr.  Owen's  experiments,  1  able  68,  on  the  contrary,  the 
thickness  of  the  bottom  flange  was  If  inch,  for  which  by  Bale 
(934)  the  strength  should  be  *  783,  bnt  the  experimental  strength 
was  38-3  -^ 39-8  =  -96, or  96  per  cent,  of  that  due  by  calcula- 
tion on  the  basis  of  data  from  1-inch  bars.  In  this  girder,  how- 
ever, the  thickness  of  top  flange  and  vortical  web  was  1  inch 
only,  and  the  strength  was  possibly  modified  thereby,  still  we 
should  have  expected  that  tibe  thickness  of  the  bottom  flange 
would  have  been  more  influential  than  it  appears  to  have  been. 

Stirling'a  Toughened  Cast  Iron. 

(938.)  Many  years  ago  Mr.  Stirling  introduced  his  Patent 
process  for  increasing  the  strength  of  ordinary  cast  iron  by 
mixing  with  it  given  proportions  of  wrought-iron  scrap :  it  was 
stated  that  with 

10  2D  80  40 

per  cent,  of  wrought  iron,  the  transverse  strength  was  increased 

22}  8U  60  83 

per  cent,  the  effect  being  a  maximum  with  80  per  cent.,  that  is 
to  say,  with  a  mixture  of  100  cast  iron  to  30  wrought  iron. 

Table  143  gives  the  result  of  experiments,  and  shows  by  col.  5 
that  the  effect  of  Stirling's  process  on  the  strength  in  resisting 
the  three  principal  kinds  of  strain  is  very  unequal,  the  Tensile 
strength  being  increased  74  per  cent ;  the  Transverse,  60  per 
cent.,  and  the  Crashing,  30  per  cent.  only.  The  transverse 
strength  is  of  course  dependent  on  the  tensile  and  compressive 
strengths,  and  calculation  will  show  that  an  increase  of  60  per 
cent,  in  the  transverse  strength  is  almost  exactly  that  dae  to  an 
increase  of  74  per  cent,  in  the  tensile,  and  30  per  cent,  in  the 
crushing  strengths. 

(939.)  Thus  the  mean  value  of  T  for  British  Cast-iron  (4)  is 
7*142  tons,  and  of  C,  4^^  tors  per  square  inch  (132)  :  then  by 
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Table  143.— Of  Experiments 

on  Stirlino 

*8  Toughened  Cast  Iro^t. 

Stirltng'8  Iron. 

II 

13 

cob 

1 

L 

o  c 

5 
12 
17 

(«) 

KiDdofStnOn. 

1  ^ 

14-3210-47 

7M4  53  18 

8906  2898 

(0      (a) 

dS 

1 

12-46 
55-7 
3300 

(3) 

Authorities. 

Tensile,  T,  in  tons  .. 
Grushiiig,  C,  in  tons 
Transvene,  Mx,  in  lbs. 

7142 1-74 

43  0     1-30 

206H  1-60 

(0       (6) 

Owen,  Griasel],  Ao. 
Hodgkinsoii. 
Owen»  Grisselly  &e. 

Bole  (496)  we  obtaiu  the  Specific  Transverse  strongth,  or  Mt^ 

which  becomes  W  =  (^  ^  VTOiaT  ^  ^'^^^  "^  ^'^  = 
•8016  ton,  or  1795  lbs. 

By  the  application  of  Stirling's  process  to  this  ir(»n  T  is 
increased  74  per  cent.,  and  becomes  7  •  142^  x  1 '  74  =  12  •  4  tens, 
while  C  is  increased  80  per  cent.,  and  becomes  43  x  1  *  30  =  56 
tons  per  square  inch.     Then,   Mt  by  role  (496)  gives  W  = 

ivMT^Wlf''  12-4^4.5  =  1-274  ton,  or  2854  lbs.: 

hence  we  obtain  2854  -^  1795  =  1  *  59,  or  59  per  cent,  increase 
in  transverse  strength,  being  very  nearly  60  per  cent.,  as  given 
by  experiment. 

We  should  have  obtained  the  same  result  with  the  identical 
iron  used  by  Mr.  Stirling,  namely  the  Calder,  which  being  a 
weak  iron  is  specially  adapted  for  his   process  (941).     By 
Table  31  Mr.  Hodgkinson's  experiments  on  that  iron  give  T  = 
6*18,  and  0  »  83*92  tons  per  square  inch,  with  which  Bnle 

(496;  givoB  W  =(^3-3-,^-^  ^  ^^)  X  6-18 ^4-6  =  -6708 

ton.  With  this  iron  treated  by  Stirling's  process  T  becomes 
6*13  X  1-74  =  10-67  tons,  and  C  -  38*92  x  1-30  =  44*1 

tons  per  square  inch:  then  W=(^-^-^  ^  ^W&f)  ^^^'^^-s- 
4*5  s  1*066  ton  is  the  value  of  M,,  giving  1*066 -r  *6708  m 
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1  *  59,  or  an  increase  in  the  transverse  strength  of  59  per  cent., 
as  before. 

(940.)  Another  important  qaestion  connected  with  this  sub- 
ject is  to  determine  the  effect  of  Stirling's  process  on  Cast  iron 
in  girders  of  ordinary  sections,  Mr.  Berkley's  experiments 
(897)  having  shown  that  with  ordinary  iron,  the  strength  of 
girders  is  not  simply  proportional  to  the  transverse  strength  <  f 
small  test-bars  cast  from  the  same  metal. 

Table  68  gives  the  result  of  experiments  by  Mr.  Owen,  n.M. 
Inspector  of  Metals,  on  a  large  girder  of  Mr.  Hodgkinson*s 
form.  Fig.  79 ;  there  were  18  experiments  on  common  cast  iron 
of  different  kinds,  and  11  with  Stirling's  iron,  or  cast  iron 
mixed  with  different  proportions  of  wronght-iron  scrap,  varying 
from  17  to  33  per  cent  of  the  cast  iron,  the  mean  of  the  whole 
being  22  per  cent. 

The  mean  breaking  weight  with  common  cast  iron  was  38  *  3 
tons,  and  with  Stirlicg's  iron  52  *  3  tons,  the  ratio  is  1  to  52  *  3  -^ 
38*3  =  1*366,  showing  an  increase  of  86*6  per  cent,  only, 
whereas  the  small  test-bars  gave,  as  we  have  seen  in  (938),  an 
increase  of  60  per  cent. 

(941.)  But,  analysis  of  the  details  of  these  experiments  will 
show  that  the  effect  of  Stirling's  process  varies  very  much  with 
the  strength  of  the  particular  cast  iron  to  which  it  is  applied, 
weak  iron  being  very  greatly  improved  in  strength,  while  very 
strong  irons  are  scarcely  affected  at  all.  Thus,  with  the  Calder, 
which  is  a  very  weak  iron,  experiments  2  and  4  give  33  and  34 
tons  respectively,  the  moan  being  33*5  tons  : — by  experiments 
14,  18,  21,  and  24,  this  same  iron  mixed  with  25  per  cent,  of 
wrought-iron  scrap  gave  48,  52,  52},  and  60}  tons  respectively, 
the  mean  being  53*25  tons,  and  we  have  53* 25 -7- 33* 5  =  1*59, 
or  an  increase  in  strength  of  59  per  cent.,  agreeing  very  nearly 
with  that  given  for  rectangular  bars  by  Table  143,  which  was 
60  per  cent.,  and  agreeing  exactly  with  the  calculations  in 
(939). 

But  in  experiments  12  and  13  we  have  a  strong  mixture  of 
irons  which  gave  47  and  47:|  tons  respectively,  the  mean  being 
47  *  1  tons,  whereas  Calder  iron  gave  83  *  5  tons  only.  Now  this 
•trong  iron  mixed  with  20  per  cent,  of  wrought-iron  scrap,  gavo 
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in  experiment  15  a  breaking  weight  of  48  *  5  tons,  and  we  have 
48*5-4-47*1  =  1*03,  an  increase  in  strength  of  3  per  oeni 
only. 

In  aocordance  with  these  facts,  Mr.  Stirling  states  that  the 
special  object  he  had  in  yiew  was  to  raise  the  weaker  irons  to 
the  strength  of  the  strongest ;  generally  speaking,  he  finds  that 
Scotch  iron  requires  a  larger  proportion  of  wrought  iron  tlian 
Staffordshire,  and  Welsh  least  of  all.  For  No.  1  Scotch  he 
recommends  from  18  to  21  per  cent ;  No.  2,  from  27  to  36  per 
cent. ;  No.  8  he  does  not  recommend  at  all. 

But  it  should  be  observed  that  the  section  of  girder  adopted 
by  Mr.  Owen,  with  bottom  and  top  flanges  having  areas  as  6  to 
1,  was  specially  adapted  to  give  maximum  results  with  ordinary 
oast  iron  whose  crashing  and  tensile  strengths  were  in  that 
same  ratio.  But  with  Stirling's  iron,  the  ratios  of  those  strengths 
is  55*7-7-12*46  =  4*47  to  1*0,  and  the  flanges  should  have 
had  that  ratio  in  order  to  obtain  a  maximum  effect. 

(942.)  Experiments  have  shown  that  the  strength  of  Stirling's 
iron  is  affected  by  the  size  or  thickness  of  the  casting,  as  we 
found  to  be  the  cose  with  ordinary  cast  iron.  Thus  Oalder 
iron  with  42  per  cent,  of  wronght  iron  and  in  bars  1  inch, 
1}  inch,  and  2  inches  square,  gave  as  the  value  of  Mr*  or 
specific  transverse  strength,  3514,  2895,  and  2754  lbs.  respeo- 
tively ;  the  ratios  being  1*0,  *824,  and  '784  respectively.  The 
rule  in  (934)  gives  for  these  same  sizes  with  ordinary  cast  iron, 
the  ratios  1  *  0,  *  838,  and  *  739  ;  from  which  it  appears  that  the 
effect  of  size  or  thickness  of  casting  is*  practically  the  same  for 
Stirling's  as  for  ordinary  cast  iron. 

OK  THE   STBENGTH  OF  WHEEL-TEETH. 

(943.)  The  tooth  of  a  wheel  may  be  regarded  as  a  simple 
t^ntilever,  and  where  the  strain  upon  it  is  known,  as  for  example 
with  the  gearing  of  a  crane,  it  appears  to  be  a  very  simple 
matter  to  calculate  the  strength  and  to  adapt  it  to  the  strain. 
But  while  this  may  be  done  satisfactorily  for  a  dead  load 
such  as  that  on  the  large  Ist  motion  wheel  of  a  crane,  it  will  be 
found  not  to  apply  to  the  other  wheels  of  the  train,  for  although 
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Ibe  motitin  is  a  very  slow  one,  the  strength  seems  to  be  goYemed 
by  the  laws  of  Impact,  or  of  forces  in  motion,  which  differ 
entirely  from  those  dominating  a  statical  foroe  or  dead  load. 

Examples  of  the  proper  method  of  calculating  the  strength 
of  the  teeth  in  a  train  of  crane-wheels  are  giyen  in  (594)  and 
(£98),  therefore  need  not  be  repeated  here;  but  we  will  con- 
sider the  strength  of  wheels  carrying  the  power  of  Steam- 
engines  or  other  motors, — an  important  matter  which  is  folly 
considered  in  the  Author's  Treatise  on  '  Mill-Gearing.' 

For  iron-and-iron  toothed  wheels  we  have  the  Boles 


(944.)  Hn  =  VDxRxj>'XwX  -043. 

(945.)  Hi  =  VdITB  xfxwx  -0646. 

For  Mortise  Wheels  the  Boles  become : — 
(946.)  Hk  =  VD">rB  X  jp»  X  i»  X    05. 

(947.)  Hi  =  VD  xB  X  1>»  X  «f  X  •  075. 

In  which  Hh  =  Nominal  Horse-power;  Hi  =  net  Indicated 
Horse-power;  D  =  diameter  of  the  wheel  at  pitch  line  in  feet ; 
p  =  pitch  in  inches ;  w  =  width  in  inches ;  B  =  revolntious 
per  minute;  Mn  ^nd  Mi  =  Multipliers  for  nomiual  and  ludi- 
cate<i  Horse-power  respectively.  The  relations  of  the  Nominal 
and  Indicated  powers  are  explained  and  illustrated  in  (572). 
Thos,  an  iron  toothed  wheel  6  feet  diameter,  5  inches  wide, 

2  inches  pitch,  24  Bevolnti(»n8,  gives  Hn  =  -v^G  x  24  X  2^*  x 
5  X  *  043  =  10  *  32  Nominal  Horse-pt/wer.  Again ;  a  spur 
mortise  wheel  4  feet  diameter,  2^  inches  pitch,  7  inches  wide, 

80  Bevolutions,  gives  by  Bale  (947),  H,  =  V4  x  30  x  2^*  x 
7  X  '076  =  36    Net    indicsited    Horse-power,    or    by    Bale 

(946),  Hh  =  VDxB  X  2i«  X  7  X  -05  =  24  Nominal  Horse- 
power,  &0, 

The  width  of  wheels  on  the  face  is  to  a  great  extent  arbitrary ; 
a  good  proportion  is  given  by  the  Bule:— 

(948,)  «=?p*-7-  >Vxl-8. 


608 


8TRENGTH  OF  TOOTHED  WHEELS:  ORANE-P[^B. 


In  which  p  =  pitch,  and  to  =  width  in  inches :  col.  2  of 
Table  144  has  been  calculated  by  that  rule :  now,  multiplying 
f^  by  the  width  thus  found  we  obtain  the  ratios  of  power  in 
col.  8,  which  shows  how  rapidly  the  power  rises  with  the  pitch, 
being  in  fiact  proportional  to  the  3^  power  of  the  pitch,  or  j^  \ 
and  col.  4  has  been  calculated  by  that  rule.  Thus  a  wheel  of 
any  diameter  and  rcYolutions  which  with  1-inch  pitch  gives 
1  Horse-power,  would  with  4-inch  pitch,  &c.,  give  128  Horse- 
power, &c. 


Table  144. — Of  the  Ratio  of  the  Power  of  Toothed  WHSRii^ 

tlll^U. 

viruAi. 

RatkM  of  Power. 

ritcb. 

Wlatli, 

Product 

Aj»j>8«w 

1                   1 
1«      X     If    =       1-75 
1}*     X     2}    =       3-90 
l|«    X     3i    =       7-31 

1-00 

2-18 

413 

If    X     4      =     12-25 

7-09 

2«      X     51    =     21-00 

11-31 

L 

2J*    X     6      =     30-37 

17  9 

♦ 

2P    X     7      =     43-75 

24-7 

2}«    X     8J    =     62-38 
3«      X     9}    =     83-25 

34-5 

46-8 

8l«    X  10|    =  110-9 

61-9 

8*«    X   llf    =  143  5 

80-2 

8i«     X   13      =  224-8 

102-1 

4*      X   14)    =  2320 

128-0 

(I)               (3)                  (3) 

(*) 

8TBSN0TH  OF  OBAMK-PINS,  BTO. 

(949.)  **  Cranh-pins.** — ^The  strain  on  the  crank-pin  of  a 
Steam-engine  may  be  found  with  sufficient  accuracy  from  the 
area  of  the  piston,  pressure  of  steam,  &c.  Then,  regarding  tho 
pin  as  a  cantilever,  its  strength  will  be  directly  proportional  to 
cf  and  inversely  as  the  length,  but  inasmuch  as  the  length  ia 
usually  proportional  to  the  diameter,  the  strength  is  reduced  to 
d^  simply,  and  we  have  the  empirical  Bule: — 


(950.) 


So  =  <P  X  lOOO* 


0BAKK-PIN8  TO   8TEAM-ENGIKIS* 
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Tablb  146. — Of  the  Strength  aod  Pbopobtions  of  Cbakk-pins  to 

Steam-enoikes.    Cases  in  Practice. 


Nom. 
Horse- 
power. 


Ditmeter 

of 
cylinder. 


Aseumed  PressiiTe 
in  Lbs. 


Per 
Sq.  In. 


TotaL 


T 


Diameter 
of  Crank-pin. 


Actual. 


Calm- 
lated. 


Kaker. 


Marine  Engiuea. 


280 
120 
110 
100 
90 

80 
70 
60 
50 
40 

80 
25 
20 
15 
10 


88 

20 

121,640 

12 

11 

57 

20 

51,040 

8 

7} 

55} 

20 

48,384 

7f 

7 

52} 

20 

43,300 

7| 

n 

50 

20 

39,270 

7 

48 

20 

36,200 

6} 

6 

46 

20 

33,240 

6 

5f 

43 

20 

29,040 

5} 

5} 

40 

20 

25,140 

5 

5 

86} 

20 

20,920 

4} 

4} 

82 

20 

16,080 

4 

4 

29} 

20 

13,670 

3} 

3i 

27 

20 

11,452 

3} 

3} 

24 

20 

9,048 

8 

3 

20 

20 

6,280 

2} 

2} 

Fairbainu 
Mauiislay. 


n 
n 
n 

n 

n 
n 
»> 
n 

n 
ft 
n 

M 

n 


liow-preasnre  Condensing  Engines. 


80 
60 
60 
45 

40 
30 
25 


45} 

20 

32,520 

6 

5i 

42 

20 

27,720 

5| 

5} 

38 

20 

22,680 

4| 

4} 

34} 

20 

18,968 

H 

33 

20 

77,160 

4i 

a 

30 

20 

14,140 

H 

28 

20 

12,320 

H 

81 

Hick. 


n 
n 

ft 

ft 
n 


24 

•10 

•8 

•6 

3 

0) 


19 

11} 

10} 

9} 
7 
(2) 


45 

12,757 

45 

6,411 

45 

5,344 

45 

4,561 

45 

1,732 

(3) 

(4) 

Highrpreasure  Engioea. 

3} 

2} 

2 

2 

U 


(6) 


3} 
2} 

2i 

iiV 


(6) 


Easfon  and  Amot. 

w 

9f 


Uniquol-endcd  Beams,  iucreaaing  the  strain  on  Pin. 
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Tn  wbioh  So  =  the  strain  on  the  pin  in  Ibe. ;  d  =  diameter  of 
pin  in  inches.  Table  145  gives  the  sizes  of  many  crank-pins 
in  practice ;  col.  6  has  been  calculated  bj  the  role  and  agrees 
fairly  with  the  actual  sizes  in  col.  5. 

There  are  other  considerations  besides  strength  which  should 
be  regarded  in  fixing  the  sizes  of  crank-pins :  the  proportions 
should  be  such  as  not  only  to  give  adequate  strength,  but  also 
large  area  of  surface,  &C.,  to  avoid  heating  with  high  voloeitieSy 
and  abrasion  with  low  ones :  see  the  Author's  Treatise  oa  '  Mill- 
Gearing.' 

''  CroBS'heads" — In  the  old  form  of  Marine  Engines,  the 
piston  carried  a  long  cross-head  with  two  aide-rods,  &c^  as  in 
Fig.  200 ;  this  arrangement  is  still  used  for  some  Marine  and 
other  Engine&  To  find  the  strength  of  such  cross-heads  we 
have  the  empirical  Bule : — 

(951.)  fixi^wxlX  -00018. 

In  which  d  s  the  depth,  and  t  =s  the  thickness,  both  at  or  near 
the  centre,  in  inches ;  I  =  the  length  between  the  centres  of 
side-rods  in  inches,  and  w  =  strain  on  the  piston-rod  in  lbs. 
Table  146  gives  the  particulars  of  long  cross-heads  in  praotioe : 
coL  9  has  been  calculated  by  the  rule,  &c 

^  Beam-gudgeoM.** — The  main  gudgeon  in  the  centre  of  a 
Steam-engine  Beam  is  in  effect  a  cylindrical  beam  supported 
at  each  end  by  the  bearings,  and  loaded  in  the  centre  by  the 
strain  due  to  the  pressure  on  the  piston,  &e.  The  diameter  at 
the  centre  for  gudgeons  of  wrought  iron  will  be  given  by  the 
Empirical  Bule : — 

(962.)  d  =  ^HhXLx  '3. 

In  which  Hn  =  the  Nominal  Horse-power  of  the  Engine,  L  = 
length,  or  distance  between  centres  of  bearings  in  inches,  and 
d  =  the  diameter  of  the  gudgeon  at  the  centre,  in  inches.  GoL  6 
of  Table  147  has  been  calculated  by  this  rule,  and  agrees  well 
with  the  actual  sizes  in  pmctice  given  by  coL  7. 

*^  Steam-engine  EniahlaiuresJ*  —  Fig.  41  shows  a  common 
arrangement  of  Beam-engines,  in  which  an  Entablature  A  is 
built  into  side-walls,  and  supported  by  two  columns.     Tli* 
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depth  of  the  Entablature  will  be  given  by  the  Empiricml 
Bole  :— 

(953.)  D  =  VTHk  X  2. 

In  wbiob  Hh  =  ^^  Nominal  Horse-power  of  tbe  Engine,  tnd 
D  =  tbe  deptb  of  the  Entablature  in  inches :  tbns  for  40-Hor8e 
we  have  ^iO  =  6*8  ;  bence  D  =  6*8  X  2  =  12*6  inches,  ^bc; 
col.  2  of  Table  48  has  been  calculated  by  this  rule. 


Table  147. — Of  the  Sizes  of  Beam-gudgeons  for  Steam-engines. 

Cases  in  Practice. 


Nominal 
Horse- 
power. 


Length, 
Centres. 
Inches. 


M. 


Dfameier. 


By  Rule.  ActiuO. 


Dottble-ciy  Under  Engines. 


100  X  69 

60  X  52 

42   X  42 

80  X  86 

22  X  86 

20  X  30 

16  X  30 

12  X  SO 


6900  X  -8 
3120  X  '8 
1764  X  -3 
1080  X  -3 

832  X  -3 
600  X  '3 
480  X  '8 
3G0  X  '8 


=2070»(  = 


=  52DV 
=  824V 

=  250V 
==  180V 
=  144  V 

=  108V 


121 

121 

91 

8 

8.V 

n 

6* 

CJ 

^ 

6 

S4 

SJ 

5* 

5 

4| 

4i 

Low-pressure  Condensing  Engines. 


80 
70 
65 
45 
30 


X 
X 
X 
X 
X 


54 
49 
48 
44 
40 


4320  X 
3430  X 
3i2.»  X 
19S0  X 
1200  X 


'3 
•3 
3 
3 
3 


(1)  (2)  (3)  (4) 


1206  V 

1029V 

936V 

594  V 

360V 

(6) 


10* 

11 

1«* 

10 

91 

n 

H 

8 

74 

7 

(«) 

0) 

Makeis. 


EostoQ  and  Amot. 


M 

n 

•9 

w 
w 


Bothwell  and  Hick. 


It 


** steam-engine  Beams" — The  beam  of  a  Steam-engme  is 
subjected  to  a  transverse  strain,  and  the  strength  might  poe- 
oibly  bo  calculated  by  the  ordinary  Bnles,  but  in  most  cases  the 
proportions  may  be  determined  more  easily  and  satisfactorily 
by  Empirical  Bules.    The  ratio  of  the  depth  at  the  centre  to  the 
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length  is,  to  some  extent,  arbitrary*;  bat  a  good  proportion  will 
be  given  by  the  Kale 


(954.) 


d  =  lx  "IS, 


In  which  I  s  the  length  of  the  beam  between  centres  in 
inches  and  d  =  the  depth  at  the  centre  in  inches ;  thas,  in  the 
42-Horse  Engine  in  Table  148,  2  =  15  feet,  or  180  inches: 
hence  d  =  180  x  '  15  =  27  inches,  as  in  col.  5,  which  happens 
to  be  precisely  the  depth  in  practice,  as  given  in  col.  3. 


Tablx  148, — Of  the  Proportions  of  Oast-iron  Beams  to  Steam- 

ENGINES.    Oases  in  Practice. 


Nominal' 

Uogth. 

Depth  at  the  Centre  in 
Incbee. 

Thickness  of  the 
Wt^b,  in  Inches. 

Breadth 

of 
Flanges. 

StrokA. 

power. 

ActnaL 

By  Rule 
(966). 

By  Rule 
(964). 

Actual. 

Qy  Rule 
(966). 

100 
60 
42 

80 
22 
12 

a) 

ft.    in. 
25    0 
18    8 
15    0 

18    6 

12    6 

9    0 

(3) 

45 
83 
27 

23 
21 
16i 

(8) 

44-85 
82-25 
29-18 

24-87 

19-9 

16-11 

(*) 

45 

32-85 

27 

24-8 
22-5 
16-2 

(6) 

I' 
n 

!{ 

1 

(e) 

2-11 
1-90 
1-75 

1-60 
1-34 
0-95 

0) 

inches. 

•  • 

3 

4* 

H 
(«) 

ft    in. 
8     0 
6    0 
5    0 

4    6 
4    3 
2  10 

(») 

Haying  fonnd  the  depth,  the  thickness  may  be  determined 
by  the  Bnle 

(955.)  <=____. 

In  which  Hy  »  the  Nominal  or  Reputed  power  of  the  Engine, 
L  s  Length  of  the  beam  in  feet,  d  =  depth  at  the  centre  in 
inches,  and  t  s=  the  thickness  of  i&e  main  central  web  in 
inches.    Thus,  with  the  lOO-Horse  beam,  in  which  L  s  25, 

ji       AK  X.        .      100  X  25  X  6        «  ,,    .    ^ 

d  =  45,  we  have  t  =  — a^=^ j^  =  2-11  mches,  as  m 

col.  7,  agreeing  with  the  actual  thickness,  which  was  2^  inches 
.by  col.  6. 

•2  L 


514  8TBENQTH  OF   8TEASI-EK6IKB  BEAMS. 

When  iLe  thickness  is  given,  the  depth  may  be  foimd  lnj 
the  Bole :— 

Thus,  with  the  GO-Horse  Beam,  L  being  18^  feet  and  I  s  2 
inches,  we  obtain  a  =  a/  (    -y    - r — I  =s  82*  25  rnchet, 

as  in  col.  4 ;  the  actual  depth  was  83  inches  by  coL  8. 

These  Bules  assume  that  the  length  of  the  beam  is  simply 
proportional  to  the  stroke  of  the  piston,  and  that  the  speed  of 
piston  is  directly  proportional  to  ^  of  the  stroke  (therefore  of 
the  length  of  Beam).  The  strain  with  a  given  Horse-power 
will,  therefore,  be  inversely  proportional  to  ^  of  the  length  of 
the  beam,  and  is  taken  to  be  so  in  the  Bole  (956).  Thus,  if 
the  stroke  of  the  piston  is  in  the  ratio  1,  2, 8,  the  length  of  the 
beam  will  be  in  the  ratio  1,  2,  8,  the  velocity  of  piston  in 
the  ratio  ^  1  =  I'O;  ^  2  =  1-26;  and  ^  8  =  1*44:  the 
strain  per  Horse-power  being  inversely  proportional  to  the 
velocity  of  the  piston,  becomes  1  -7-  1  =r  1*0  ;  1  -r-  1*26  s 
•8 ;  and  1  -4-  1'44  =■  •?  respectively. 

(957.)  *'  Variahlene$B  of  Materiah.'*  —  Experiments  have 
shown  that  there  is  great  variableness  in  the  strength  of  all 
materials,  even  when  apparently  of  the  same  kind  and  quality. 
The  mean  strength,  as  found  by  numerous  experiments,  is 
usually  taken  as  a  Standard  for  oftloulation,  and  it  becomea  a 
matter  of  considerable  practical  importance  that  the  Enginoer 
should  know  within  what  limits  the  strength  may  probably  vary, 
and  particularly  that  the  probable  minimum  should  be  known. 
Table  149  gives  a  collected  statement  of  the  variableness  of 
many  materials  under  the  three  great  strains,  namely,  the 
Transverse,  Tensile,  and  Crushing  strains,  reduced  to  per- 
centages for  convenience  of  reference.  For  example,  the  Trana- 
verse  strength  of  cast-iron  bars  1  inch  square  (931)  may  be 
27  per  cent,  above  the  average,  or  100  —  79  =  21  per  cent. 
below  it  from  221  experiments.  CoL  4  gives  the  range  of  pro- 
bable variations,  and  shows  that  there  are  great  differences. 
Larch  being  very  variable,  and  Canadian  oak  very  equable,  &0» 


VABIABLBNBB8  IK  TEX  8TBEN0TH  07  XATBBIAL8. 


616  • 


Table  149. — Of  the  Yabiableness  in  the  Stbekgth  of  Materials 

in  resisting  different  Stbains. 


katerUL 


Max. 


r 


Meftn. 


HIlL 


Ratios  of  Tnnsrene  Strength. 


Cast  iron 

y,       StirliDg*8  tungbened 

Blate,  split 

Briok 

Ash , 

Beech  ••     ••  .  ••     ••     ••     •, 

Birch 

Cedar «•     ••     •, 

Chestnut     ..     ••     ••     ••     • 

Deal 


Elm 

Fir,  Biga •     •• 

Larch 

Mahogany,  Honduras,  &o. 
Oak,  English » 

„    Dantzio     

„    Canadian  ..     ••     •• 
„    African     ..     ••     •• 

Pine,  Pitch 

„     Bed 

„     Yellow 

n     White 

Teak    ..     .. 


•• 


•* 


Batioa  of  Cuheslve  Strength. 


Cast  iron 

„       Stirling's  toughened 
Wrought  iron,  Boiled  Bar       .. 
„  welded  joints  •* 

8teel,  tilted  bar..     ..     «.     m 

„  welded  joints ..  •«  .. 
Boiler-plate,  wrought-iron      •• 

n  «rt«el     

Orane^ain,  U  to  }  inch 

IP  1  inch  diameter.. 


127 

100 

79 

1-61 

118 

100 

88 

1-34 

129 

100 

84 

1-54 

121 

100 

75 

1-61 

120 

100 

7Z 

1-67 

121 

100 

89 

1-36 

119 

100 

75 

1-58 

133 

100 

80 

1-66 

125 

100 

80 

1-56 

no 

100 

83 

1-33 

132 

100 

82 

1-61 

141 

100 

71 

200 

172 

100 

59 

2-91 

108 

IQO 

85 

1-27 

189 

100 

7? 

2-63 

147 

100 

63 

2-34 

106 

100 

97 

1-09 

109 

100 

90 

1-21 

158 

100 

63 

2-51 

182 

100 

84 

1-57 

113 

100 

85 

1-33 

155 

100 

87 

1-78 

123 

100 

88 

1-40 

147 

100 

79 

1*84 

116 

100 

87 

1-34 

120 

100 

77 

1-55 

121 

100 

68 

1-77 

155 

100 

68 

2-27 

115 

100 

85 

1-36 

129 

100 

67 

1-93 

119 

100 

79 

1-51 

114 

100 

86 

1-31 

119 

100 

82 

1-45 

(1) 

(3) 

(3) 

(0 

221 

17 

9 

9 

14 

4 
8 

4 
8 
5 

6 
58 
21 

4 
38 

29 
6 
8 

85 

7 

5 

10 

7 


28 

5 

188 
18 
66 

2 

327 
80 

125 
61 

(5) 


a  L  2 
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Table  149.— Of  the  Yabiableness  in  the  Stbength  of  MATKBUiiS 
in  resisting  different  IStbains— con<in«ec{. 


hi 

MaterisL 

Mm. 

Meuv 

MlD. 

U 

i 

Batloe  of  ChMblng  StTCScUi, 


••      ••      ff 
••      f«      f« 


Castiion »# 

„        Stirling's  tongbened 
Granite       ..     .. 
Red  Sandstone  •• 
Slate,  Valencia  ••     »«     ••     «» 

Gra&^leith  ..  f  •»  •»  •» 
York  Paving  ••  •#  ••  ., 
^larDie        ••      cf     ••      ••      •• 

Teak •     ••      ..      •• 

Willow       .. 

Larch t     ••     •• 

Oak— cohesion 

Teak        „        

Ash  „        


156 

100 

61 

2-57 

120 

100 

89 

1-34 

149 

100 

58 

2-56 

180 

100 

50 

3-61 

111 

100 

90 

1-23 

127 

100 

80 

1-58 

136 

100 

78 

1-73 

116 

100 

81 

1-43 

105 

100 

98 

112 

186 

100 

6i 

2-12 

127 

100 

73 

1-74 

160 

100 

72 

2-23 

102 

100 

97 

1-06 

108 

100 

73 

1-47 

(0 

w 

(8) 

(4) 

189 

12 
17 

4 
4 

5 

4 

7 

19 

2 

9 

9 
8 
8 


(968.)  "  Agreement  of  Btdes  with  Ea^pertmeni," — ^There  are  Yery 
great  difficulties  in  preparing  a  Practical  Work  on  the  StreogtlL 
of  Materials,  as  ooinpfM^,  or  rather  contrasted,  with  a  purely 
Theoretical  one.  Theorists  fpllow  fondamental  Laws,  whidi 
p^e  as  fixed  and  inflexible  as  the  laws  of  grayitation,  and  iho 
f^cci^racj  of  their  ponclnsions  can  be  mathematically  demon* 
strated.  Bnt  when  confronted  wi^  the  results  <^  experiment 
many  of  these  oorirect  laws  are  found  to  lead  to  manifestly 
erroneous  conclusions,  and  haye  to  be  relinquished  in  &your  of 
Empirical  Bules,  for  which  nothing  o^n  be  said,  except  that 
they  are  correct  as  proved  by  Eiperiment. 

(959.)  Many  of  the  Qules  in  this  work  are  of  a  more  or  less 
Empirical  character  \  in  most  cases  the  Theoretical  laws  were 
first  taken  as  a  basis,  but  had  to  be  laboriously  modified 
tentatively,  by  tbe  teac)ung|9  of  e^peri^oe,    In  almost  all  casc% 


AOBElSMENt  OF  BULE8  WITH  IXPEBIMINT8. 


617 


e 


I 


o  I 


I 


o  + 


Si58SS5S2§3«c: 


o     o     o 

+   +    I 


Si    §    S 


09        O       rH 
I  I  I 


CO 

+        I 


rH     eo 


OO        O       lA       O 


eo 


S4fHO$ooe4fHeif«(m^ 


a  a 


s 


04 
09 


s  a 


00  o  <«^ 

•  •  • 

fM  o  ^ 

01  CO  Ol 


». 


s 

I 

o 

lO 


&l 


^ 


iH   •i^   »♦«   O 

s  s  ss  s; 


8  3  i  i  s 


S3loSoO&&C4 


519       BEAL  AND  APPABKNT  7A0T0B  OF  SAFETT, 

their  oorrectness  is  shown  at  every  point  by  comparison 
experiment.  It  will  be  interesting,  however,  to  collect  a  few  of 
the  most  important  of  these  in  the  form  of  a  table,  which  is 
done  in  Table  150. 

In  some  cases  the  agreement  of  the  Bnles  with  Experiment  is 
remarkable,  partaking  evidently  more  or  less  of  an  accidental 
character:  some  of  these  are  given  in  paragraphs  21, 139,  875, 
685,  .777,  878,  &c 

(960.)  "  Beat  and  Apparent  Factor  of  iSo/«fy.'^— Essentially, 
the  ** Factor  of  Safety"  is,  or  should  be,  the  Batio  of  the 
Breaking  weight  to  the  Safe  Load,  the  latter  being  1*0,  and  its 
special  object  is  to  give  a  margin  of  strength  to  cover  unknown 
and  unexpected  contingencies.  But  this  simple  purpose  becomes 
complicated  by  ihe  &ct  that  the  breaking  weight  varies  with 
the  character  of  the  strain:  thus  for  a  Oast-iron  beam,  it  is 
shown  by  Table  141,  that  the  breaking  weight  for  constant  dead 
load  being  1  '0,  it  is  reduced  to  ^  for  an  Intermittent  dead  load, 
or  one  acting  in  one  direction  only,  or  off-and-on  continuously 
without  shock ;  and  to  ^  for  a  similar  AUemating  load,  or  one 
acting  in  both  directions,  up-and-down  continuously.  Say  that 
the  constant  dead  load  =  18  tons  Breaking  weight :  then  the 
Intermittent  Breaking  weight  becomes  18  x  ^  =  6  tons,  and 
the  Alternating  Breaking  weight,  18  x  ^  =  8  tons. 

Now,  if  we  take  8  for  the  Factor  of  Safety,  and  apply  it  to 
these  three  loads,  we  obtain  6,  2,  and  1  ton  respectively,  as  the 
Safe  loads,  which  are  equal  to  ^,  ^,  and  -^  of  the  constant 
dead  load,  the  Apparent  Factor  of  Safety  becoming  8,  9,  and  18 
for  the  three  cases,  while  the  real  Factor  is  the  same  in  all, 
namely  3. 

Illustrations  of  the  application  of  these  principles  to  cases  In 
practice  are  given  in  (923),  Sso, :  thus  with  Wrought-iron  beams, 
the  Dynamic  rolling  load  is  ^  of  the  equivalent  dead  constant 
load,  and  with  Factor  3  becomes  ^  -^  3  =  ^th  of  that  dead  load. 
Similarly,  with  Oast  Iron,  the  Dynamic  rolling  load  is  ^ih  of 
the  equivalent  dead  constant  load,  and  with  the  same  Factor,  8, 
becomes  }^  -^  8  =  i^th  of  that  dead  load :  the  apparent  Facto 
=  18,  although  the  real  Factor  is  8,  as  before.  Again,  with 
Timber,  the  Dynamic  rolling  load  =  ^,  which  with  Factor  5 
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l)ecoines  j^  -r  S  =s  ^th  of  the  dead  constant  Breaking  weight, 
the  apparent  Factor  being  20,  while  the  real  Factor  is  5  only,  &c. 

In  many  cases  it  is  convenient  to  use  the  apparent  rather 
than  the  real  Factor  of  Safety,  and  this  coarse  has  been 
adopted  frequently  throughout  this  work:  thus  for  Eailway 
Bridges,  the  Factor  used  by  most  Engineers  is  6,  which  is  in 
fact  the  apparent  Factor:  being  an  intermittent  strain  with 
wrought  iron,  the  Beal  Factor  is  6  X  f  =  4.  Thus,  say  we 
haye  a  Bridge  whose  calculated  breaking  weight  =  600  tons, 
then  with  Factor  4,  we  obtain  600  -r  4  =  150  tons  dead .  Safe 
load,  or  150  X  }  =  100  tons  intermittent  Safe  load:  evidently  we 
should  have  obtained  the  same  result  more  easily  by  using  the 
apparent  Factor  6,  which  gives  600  -4-  6  =  100  tons,  as  before. 

(961.)  "  Strength  of  Flat  Cover  to  Boiler."— A.  circular  Boiler 
in  America,  48  inches  diameter,  was  provided  with  a  plain,  flat 
cover  of  cast  iron  1|  inch  thick,  and  was  subjected  to  a  steam 
pressure  of  160  to  170  lbs.  per  square  inch,  which  it  bore  for 
about  6  months  and  then  burst: — ^breaking  at  the  edge  all 
round.  By  Rule  (867)  we  obtain  p  =  1  J»  x  148890  -^  48^  or 
8*5156  X  148890  -4-  2804  =  227  lbs.  per  square  inch:  but 
applying  the  correction  for  thickness  of  metal  as  given  in  (98  i) 
and  taking  the  value  of  §  for  say  2  inches  thick  at  *74,  we 
obtain  227  x  *74  =  168  lbs.  bursting  pressure  per  square 
inch,  or  practically  the  pressure  with  which  the  cover  actually 
burst,  so  that  it  is  surprising  that  it  did  not  fail  before. 

(962.)  «*  Low  Besilience  of  Slate,  etc.**— Slate  and  York  paving 
are  frequently  used  for  flooring  in  cases  where  they  are  sup- 
ported at  the  ends  only  and  act  as  beams :  as  there  will  always 
be  a  probability  of  a  hlow  from  the  load  falling  on  the  floor,  and 
those  materials  are  excessively  weak  in  resisting  Impact,  that 
fact  should  be  borne  in  mind  and  exti^a  strength  provided  to 
guard  against  failure.  Table  67  shows  by  col.  6,  that  a  Cast- 
iron  plate  of  a  given  thickness,  Ac.,  will  bear  a  safe  falling  load 
5*78  4.  •2  =  84  times  the  safe  falling  load  for  a  similar  plate 
of  Slate;  and  6*78 -r  '06  =  118  timesl  t  the  safe  falling  load 
for  York  paving. 

(968.)  "  Graphic  Batios  of  Strength,  etc.*'— Figures  give,  of 
course,  very  precise  information  as  to  the  Specific  Strengths  oi 


520 


WBIOHT  OF  MATERIALS. 


Materials,  but  fail  to  giro  a  dear  idea  of  their  comparative 
ilatios.  Plate  27  gives  a  graphic  representation  of  the  Strength 
and  Elasticity  onder  yarions  strains,  which,  appealing  to  the 
eye,  will  conyey  a  more  definite  impression. 

(964.)  "  WeiglU  ofMcUeriah," — ^For  convenience  of  reference, 
and  in  order  to  make  this  work  as  complete  and  self-contained 
as  possible,  the  Weight  of  many  Materials  used  in  the  Arts 
is  given  by  Table  151,  which  has  been  taken  from  the  Author's 
*  Treatise  on  Heat' 

Table  151, — Of  the  Specific  Gbavitt  and  Weight  of  Matkbials 

Water  at  62°  being  I'OOO. 


Mtttertal. 


Mercury      

Leai    ..      ..      ,  •• 

Copper,  sheet •     •• 

GuQ-metal,  oast        

Copper,  cast       

Brass,  cast •      .•     •• 

Wrought  Iron 

Tin,  oast     .. 

Zinc,  sheet • 

Cast  Iron,  British,  mean  .. 

Zino,  cast • 

Slate 

Glass 

Granite,  Cornish       

Sandstone,  Yorkshire       ••     .. 

Brick,  London  Stock        ••     •• 

Sand,  River .. 

Coal,  British,  mean 

Water,  distilled 

Ioe,at32'' 

Alcohol       

Oil,  Olive 

Oak,  seasoned 

Blm,        „  

Mahogany,  Honduras,  seasoned 

Pine,  Yellow,  seasoned     .. 

Coke,  Qmj  in  measure 

Cork 


Spedfio 
Gravity. 


13-596 

11-352 

8-785 

8-670 

8-607 


8 
7 

7- 
7' 
7" 

6- 

2 

2 

2 

2 

1- 
!• 
1' 
1- 


393 
788 
291 
190 
087 

861 
835 
760 
662 
506 

•841 
•546 
•313 
000 
•93 

•813 

•9153 

•777 

•588 

•560 

483 
353 
24 


Weight 

of  a 

Cablo  Foot 

In  Pounds. 


847-3 
707-5 
647-5 
540*8 
536-4 


Weight 

ofa 

CuUcInch 

InPonndg. 
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485< 
454  < 

448" 


1 
3 

4 
1 


441-6 
427-6 


'7 
•0 


176' 
172 
165-9 
156-2 


114-7 
96-35 
81-83 
62-321 
57-96 

50-67 
57  04 
48-42 
36*65 
34-9 

30-1 
220 
14-96 


4903 
4094 
3168 
3127 
3104 

3027 
2809 
2630 
2593 
2556 

2474 
1022 
0995 
0960 
0904 

0664 

0558 

0474 

03606 

03354 

02932 
03301 
02802 
0212 
02  2 

01742 
01273 
00866 


No.  of 

Cubic  Feet 

fnOne 


2 

3" 

4 

4- 
4- 

4* 

4* 

4 

4 

5 


644 
166 
091 
145 
■176 

•2^ 
615 
930 
999 
07 


5*24 
12-68 
1302 
13*50 
14*34 

19-52 
23*25 
27-37 
35-95 
38*65 

44-21 
39-27 
46*26 
61-13 
64*18 

74-41 
101*8 
149-7 
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